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ABSTRACT 


Rainbow trout (Salmo gatrdnert) have a pair of visual pigments, 
a rhodopsin based on retinaldehyde (the aldehyde form of retinol, 
vitamin A,) and a pocpiynoce based on 3-dehydroretinaldehyde (the 
aldehyde form of 3-dehydroretinol, vitamin Aj). The proportion of these 
two visual pigments (commonly presented as percent porphyropsin) are 
known to change seasonally and may change in response to specific 
environmental factors such as light and temperature. In addition, 
exogenous thyroxine will induce an increase in the percent porphyropsin 
in rainbow trout. 

Results from this study showed that fish kept under the designed 
laboratory light condition at a photoperiod of 12L/12D for one month 
had significantly higher percent porphyropsin than those held in total 
darkness (24D). Fish kept in low temperature (6° C) for a month had 
also significantly higher percent porphyropsin than those held in higher 
temperature (16° C). The light and temperature regimes to which the 
fish were subjected, rather than the initial percent porphyropsin, seemed 
to determine the visual pigment composition at the end of the experiments. 
When the fish were put into different temperatures (5° C, 10° C, 15° C; 
at 24D), new equilibria of visual pigment composition seemed to occur 
within a month. The final percent porphyropsin indicated by these new 
equilibria seemed to be closely related to the temperatures to which the 
fish were subjected. However, putting fish into different photoperiods 
(24L, 12L/12D, 24D; at 16° C) resulted in a continuous change of percent 


porphyropsin during the 45 days of experiment. In addition, the final 
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percent porphyropsin estimated on the 30th or 45th day of experiment 
did not seem to be proportional to the photoperiods to which the fish 
were subjected. Black and transparent eye caps were fitted to the two 
eyes of the same fish to test the unilateral effect of light on visual 
pigment composition of trout. A group of eight fish showed a 
significant differential between two eyes after they were subjected to 
the experimental condition (24L, 8° C) for a period of ten days. 

Introduction of L-thyroxine to tank water (at a concentration of 
10 yg/100 ml) significantly elevated both blood levels of thyroxine and 
percent porphyropsin in the retina of trout. Light (12L/12D) in 
comparison to total darkness (24D) also favored significantly higher 
percent porphyropsin in the thyroxine-treated fish. 

Fish held in light (12L/12D) and high temperature (16° C) in 
comparison to those held in total darkness (24D) and low temperature 
(6° C) seemed to have higher level of percent 3-dehydroretinol (amount of 
3-dehydroretinol relative to the total amount of retinol and 3- 
dehydroretinol) in blood. Certain data suggested that higher level of 
percent 3-dehydroretinol in blood might be associated with higher percent 
porphyropsin in the retina. Introduction of thyroxine to tank water 
significantly elevated the percent 3-dehydroretinol in blood. However, 
interpretation of the latter was impaired by the large variance and the 
small sample size in each group tested. 

Discussion on the implications of the results on the role of 
light, temperature, thyroxine and 3-dehydroretinol to the fish is 


presented. 
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INTRODUCTION 


Out of the five hundred or more species of fish whose visual 
pigments have been characterized, more than one-fifth possess a paired- 
pigment system (Ali and Wagner, 1975). A paired-pigment system means that 
in the retina of a species, rhodopsin and porphyropsin exist either 
simultaneously or sequentially. Rhodopsin and porphyropsin arise through 
the respective conjugation of ll-cis retinal! and 1l-cis 3-dehydroretinal 
to a single type of opsin. The amount of porphyropsin relative to the 
amount of rhodopsin in the retina of the fish is, therefore, based on 
the relative Be opoit ton of ll-cis 3-dehydroretinal and ll-cis retinal in 
combination with the opsin. Different species of fish exhibit 
characteristic spectrophotometric absorbance maxima (imax) for 
porphyropsins and rhodopsins, presumably owing to the differences in the 
amino acid sequence of the species-specific opsin molecules (Dartnall, 
1957; Munz and McFarland, 1965). 

Rainbow trout (Salmo gatrdnert) are euryhaline fish possessing 
a paired-pigment system (Munz and Beatty, 1965). The absorbance maxima 
for their rhodopsin and porphyropsin are 503 nm and 527 nm respectively 
as determined by partial bleaching experiments (Munz and Beatty, 1965). 

In many species with paired-pigment systems, the visual pigment 
composition, commonly given as percent VP2 (from now on, meaning amount 


of porphyropsin relative to the amount of rhodopsin plus porphyropsin in 


ltn this presentation, the following terminology will be used: 
vitamin A, alcohol = retinol; vitamin Ay alcohol = 3-dehydroretinol; 
vitamin A, aldehyde = retinal = retinaldehyde; vitamin Aj aldehyde = 
3-dehydrotetinal = 3-dehydroretinaldehyde; rhodopsin = VP,; porphyropsin 


a VP. 
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in the retina), has been noted to change under different environmental 
and physiological conditions. For example, in the sea lamprey, | 
Petromyzon marinus, the transitions of visual pigment composition to 
predominately porphyropsin and to pure rhodopsin are probably associated 
with the respective upstream and downstream migrations (Crescitelli, 
1956; Wald, 1957). Fae other euryhaline fishes, Beatty (1966) has found 
that ocean-caught coho salmon (Oncorhynchus ktsutch) have mainly 
rhodopsin while porphyropsin predominates in the eyes from fish caught 
at the fresh-water spawning site. In several non-migratory species, it 
has been found that there are seasonal variations in the visual pigment 
composition (for Perieaee see Bridges, 1972; Beatty, 1975). 

Changes in the visual pigment composition of fish were first 
produced experimentally in rudd, Scardinius erythrophthalms (Dartnall 
et al., 1961). These investigators induced change in the visual pigment 
composition of rudd by holding fish in outdoor and indoor darkroom 
aquaria. Light favored rhodopsin and darkness, porphyropsin. Further 
experiments have since been conducted on this and other species of fish 
(Bridges, 1965; Beatty, 1966; Jacquest, 1969; Bridges and Yoshikami, 
1970c; Allen, 1971; Allen and McFarland, 1973; Allen et al., 1973). It 
turns out that the so-called "rudd effect," as Dartnall (1962) termed it, 
is not found el paired-pigment species tested. For example, within 
the cyprinid family, the rudd respond to light (in comparison to 
darkmess) by a decrease of percent VP) whereas the red-side shiner, 
Richardsontus balteatus, shows an increased proportion of porphyropsin 


(Alien, 1971). 


In the salmonids, Dartnall (1962) reported that rainbow trout and 
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the brown trout (Salmo farto = trutta) also exhibit the rudd effect. 
Jacquest (1969) suggested that rainbow trout might respond to increased 
light with a decrease of percent VP>. These results on salmonid fishes, 
however, are contradicted by the recent finding of Ailen et al. (1973). 
They reported that out of three species of salmonid fishes they 
examined (rainbow trout; brook char, Salvelinus fontinalis; and brown 
trout), light favored an increase of percent VP»y in two (rainbow trout 
and brook char) and exerted no significant effect for the other (brown 
trout). Thus the first objective of this study was to resolve some of 
the apparent discrepancies by investigating the effect of light on tne 
visual pigment composition of juvenile rainbow trout. 

One important environmental factor which may influence fishes 
both seasonally and during the spawning migration is temperature 
fluctuation. In spite of the studies on the effect of light on the 
change of visual pigment composition, no work has been done on tempera- 
ture effects until recently (Allen and McFarland, 1973; Allen et al., 
1973). Allien and McFarland (1973) showed that low temperature (6° C) 
favored increased porphyropsin in juvenile golden shiner, Notemtgonus 
erysoleucas. However, the study was impaired by the mortality of two 
groups of fish at high temperature (21° C). Allen et az, (1973) 
commented on the possible temperature effect on visual pigment composi- 
tion of rainbow trout but unfortunately did not publish any supporting 
experimental evidence. In view of this incomplete picture so far 
published for a temperature effect, my second objective was to study 
the influence of temperature, in addition to that of light, on the 


visual pigment system of juvenile rainbow trout. 
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The research on the influence of thyroxine on visual pigment 
composition in fish was initiated by the study on rainbow trout Gee 
and Swanson, 1965). Thyroxine was found to induce an increase of 
porphyropsin in the fish (Munz and Swanson, 1965). Later investigations 
showed that thyroid hormones increased porphyropsin in juvenile and 
mature kokanee salmon, Oncorhynehus nerka (Beatty, 1969, 1972), the red- 
side shiner (Allen, 1971), juvenile coho salmon (Beatty, 1972), rainbow 
trout (Jacquest and Beatty, 1972) and Atlantic salmon parr and smolt, 
Salmo salar (Beatty, 1975). However, when thyroxine was administered to 
the rudd (Bridges and Yoshikami, 1970b) and the rainbow smelt, Osmerus 
eperlanus (Bridges and Delisle, 1974), no significant change of visual 
pigment composition was found. The action of thyroxine, as revealed by 
these studies, needs further clarification for the following reasons: 

1) The means of administration of thyroid hormones varied with 
different investigators. Some preferred intraperitoneal injections 
(Beatty, 1969, 1972; Jacquest and Beatty, 1972; Bridges and Delisle, 
1974); others introduced thyroxine directly into the tank water (Munz and 
Swanson, 1965; Allen, 1971; Cristy, 1974; Bridges and Delisle, 1974) and 
still others unilaterally injected thyroxine into the ocular tissue 
(Bridges and Yoshikami, 1970b). None of these researchers measured the 
extent to ee level of thyroid hormones were altered in the fish in 
relation to the visual pigment composition. This might cause erroneous 
conclusions that thyroid hormones were not effective in changing visual 
pigment of a certain species while, in fact, there was no change in the 
amount of circulatory thyroid hormones in the fish. 

2) The degree to which environmental factors and/or stages of 


maturation of fish influence the level of thyroid hormones has not been 
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fully investigated. Could thyroid hormones be that part of the neuro- 
endocrine system through which environmental factors and/or sexual 
maturation exert their influence on the change of visual pigment 
composition in fishes? 

3) Although light appears to have various effects in different 
paired-pigment fishes: (for review, see Bridges, 1972), thyroxine seems 
effective only in increasing percent VP») (for review, see Beatty, 1975). 
Moreover, Beatty (1969) showed that its action is more marked when the 
kokanee were held in light or a light-dark cycle than when the fish were 
held in constant darkness. Therefore the interaction of light and 
thyroid hormones on visual pigment composition deserves further 
attention. 

Cristy (1974) has induced changes of visual pigment composition in 
rainbow trout by intraperitoneal injections of prolactin. This might 
have resulted from prolactin-induced thyroxine release, a phenomenon 
which has been observed throughout the vertebrates (Etkin and Gona, 
1974). 

In view of the above, my third objective was to study the effect 
of exogenous thyroxine (by introducing it to tank water) on visual 
pigment composition of the rainbow trout. 

The aldehyde forms of vitamin A, and Ay, which are essential for 
the synthesis of visual pigments, originate from the dehydrogenation (or 
oxidation) of the alcohol forms of the vitamins (for review, see Bridges, 
1972). This dehydrogenation is thought to occur within the ocular 
tissue (Dartnall, 1964; Bridges, 1965). Therefore, the supply of retinol 


and 3-dehydroretinol to the ocular tissue is important for the synthesis 


of the visual pigments. 
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Retinol and 3-dehydroretinol are stored in the body of rainbow 
trout mainly in the liver and the pyloric caeca (Braekkan et al., 1969). 
From mammalian studies (mainly clinical studies on the laboratory rat), 
it was found that vitamin A is carried from the liver to the ocular 
tissue through the circulatory system mainly in the form of all-trans 
retinol (Olson, 1969). Arriving at the retina and the pigment 
epithelium of the eye, all-trans retinol is either oxidized to all-trans 
retinal, isomerized to ll-cis retinal and conjugated to opsin for 
formation of new visual pigments or stored in the form of an ester 
(mainly retinyl palmitate) (Olson, 1969). In fish, studies have shown 
that the percent 3-dehydroretinol (from now on, meaning the amount of 
3-dehydroretinol relative to the total amount of retinol and 3- 
dehydroretinol) in the pigment epithelium correlates with visual pigment 
composition in the retina (Wald, 1939; Bridges and Yoshikami, 1970c). 
However, similar correlations were not found between liver and pigment 
epithelium in fish (Wald, 1939; Bridges and Yoshikami, 1970c). The major 
link between the liver and the pigment epithelium, namely the 
circulatory system, has so far not been investigated for percent 3- 
dehydroretinol. 

In rainbow trout and kokanee, administration of 3-dehydroretinol 
through Mprasericoneat injection or the diet has been shown to 
significantly increase the percent VPy in retina (Beatty, 1972; Jacquest 
and Beatty, 1972). This implies that an elevation of percent 3- 
dehydroretinol in blood might change the visual pigment composition, 
suggesting that the normal (or physiological) percent 3-dehydroretinol 
in the blood might reflect the visual pigment composition in the retina. 


To investigate this suggestion, visual pigment composition and percent 
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3-dehydroretinol in blood from a number of fish subjected to different 
temperature and light regimes were examined. 

The studies involving the effect of thyroid hormone and percent 
3-dehydroretinol in blood are based on the assumption that visual pigment 
composition may be determined by some central control mechanism. 

However, Bridges and Toshio (1970b, c) proposed that the control 
mechanism for visual pigment composition in the rudd was located in the 
pigment epithelium. The most persuasive evidence to support this "local 
control mechanism" hypothesis was the induction of a differential in 
the visual pigment composition in the two eyes of the same fish. In 
addition, they could not demonstrate any change of visual pigment 
composition in rudd treated with thyroxine (Bridges and Yoshikami, 1970b, 
c). They achieved the bilateral differential in visual pigment 
composition by the elimination of light to one of the two eyes, using an 
opaque "“eye-cap." A similar capped-eye experiment was undertaken for 
rainbow trout, a species proven to respond to exogenous thyroid hormone 
(Munz and Swanson, 1965; Jacquest and Beatty, 1972; Cristy, 1974) and 


lishtes (Alten ef @l. ,21973)% 


Ps 
% 
al 


steee ts; Senior Dee 4533 wees or of beget aes ows a je 


: Ne lala eee ae gasps hep testa ast legs 


$i ~ avi a) badesp ite iad 2. ‘yadiowe bette we 
| 8a cai icp apie acts 


Paap Tag Viele ocionteena sedi viyat apie aereie ak 


7 =f 


oe ny 
teeta, 1etitnes, loer 93s SmGe Ya been bint tad 
rors *s ee 


> 


Asucoo ses sad) beaggoig «2 AOR T) telRipey hp a 


MD. 9 Stace! ger jus ab ves <a semis} Thatta 


. 
= ) 


4 ‘ re 2 res we G2 taay> a aes hing “I 2 andy | 
ie, fa theeatS2b « PH, Men Site ha Gad. wage. 0; hiartgaget aed : 
- : = 
pat (ns 2 Le BHI mh. Mig Aes! Pa 4 sTiq bra i matt (goat 2 ree ay 


~~ 


Mbttgia lanes bie WT? Hero : AP Bs nub eas 


MAUL , biggies LBA bs gel tt eee sect ge ae base’ a ny 


a 
kc foul 


a tigen Le hawery ru vets pao en jeite 7% Boia & 


= 7 7 % ee” | 


yer Head) Dade ot fea afPibie 5) Sins hb ay pa t% edz wn ine 
, ace i a 


Poca yg Anat aeiratthinb ‘4 Brees PIE TE/O Sy” Aepeeyes eS 


Je : : 
haw Gitel qaetio sooo’: Meee Sie ex pon) Sage 


t 0 i 
wv 
" 
~ a 
t 
= 
: — z 
¢ 
3 , o j - 
’ ’ 
i = 
y 5 = = 
= 
. 
, - 
- - 
i 
* hi f . 
= = 
. 
z . A 
4 a 
_ = = 
re a , 
7 > a 1 7 
— ‘ = 4 = 
‘@ 4 7 : 
‘ - - : 2 
" Ce as -. 
— —? ‘ - po =) «a a 
/ : MU ' ac) { Ad \ 
ear oe ee i 
—_ ae /- 7” er ee ~ — 


MATERIALS AND METHODS 


MATERIALS AND EXPERIMENTAL PROTOCOL 


Background Information on Fish 


Juvenile rainbow trout, Salmo gatrdnert, were obtained from the 
provincial government rearing station in Crammond, Alberta (Raven 
Rearing Station) from December, 1974, to February, 1975. They were all 
yearlings with body weights ranging from 34 to 139 grams. At the rear- 
ing station, they were held in shallow outdoor ponds at temperatures 
ranging from 4° C in the winter to 15.5° C in the summer (Jacquest, 
1969). Since the ponds were never frozen over, the fish were exposed 
to the natural light regime throughout the year. 

Immediately upon arrival at the university, the fish were placed 
in 55-liter circular aquamarine fiberglass tanks at the temperature of 
the water at the rearing station. The water temperature was adjusted 
overnight to the appropriate acclimation temperature for individual 
experiments (see below). The circular tanks were covered with green 
corrugated sheets of fiberglass (Filon). Recording from the remote 
probe of a spectroradiometer (SP4660, ISCO Model SR) at the water surface, 
the total radiant energy from fluorescent light sources was 50 uw/ cm? 
over the range of 750-380 nm [as measured by the method of Allen (1971)]. 
The photoperiod of the room light was set to correspond to the outdoor 
photoperiod. Fish were fed the same food (Silver cup, Murray Elevators, 
Utah) used in the rearing station. They were not fed during the 


experiment. 
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Light and Temperature Control 


All fish were subjected to controlled amounts of light and 
regulated temperatures during the experiments. In the experiments, the 
fish were held in 120-liter aquamarine fiberglass tanks with 
dechlorinated water flowing through at a rate of 100 to 200 liters per 
hour. A white wooden lid (73 s 56 x 40 cm) was placed on top of each 
tank, with two 20 W G.E. cool white fluorescent tubes (F20-T12-CW) 
located on the ceiling of the lid. The photoperiod inside the tank was 
controlled by a timer (TORK). For the continuously dark tanks, a 
single 7.5 W red bulb was fixed at a similar position, allowing 
illumination at brief intervals for the purpose of cleaning and removal 
of any dead fish. Strips of hard rubber were nailed onto the lower 
outside edges of all lids to prevent any room light from entering tanks. 
For the dark tanks, recordings taken at the water surface with the 
remote probe of the spectroradiometer indicated no detectable readings 
over the range of 380 nm to 750 nm. The total radiant energy for the 
illuminated tanks, however, varied (among different tanks) from 86.8 to 
50.5 uw/cm* over the range of 380 nm to 750 nm. The total radiant 
energy from the small red bulb gave very low readings (0.9-0.6 uw/ cm? 
from 380 nm to 750 nm). These measurements were taken at the beginning 
and the end of the experimental period. 

Water temperature was controlled by a thermoregulator (13345-C 
series, Magnetic, Canlab). The thermoregulator was connected to a relay 
(Sargent-Welch) which controlled a solenoid mounted onto the warm or 
ambient water inlet to the tank. Cold water (4-6° C) constantly flowed 


into the tank and the desired temperature was attained by the blending in 
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of warmer water via the controlled solenoid. Tank water temperature was 
constant to within 0.1° C. This was further confirmed every twenty-four 
hours during the experiment with a YSI telethermometer (Yellow Spring 


Instrument Co., Yellow Spring, Ohio). 


Effect of Light and Temperature on Visual Pigment Composition and 
Thyroxine Concentration in Blood--Experiments 1 and 2 


Before the conditions for the subsequent experiments (Experiments 
1-7) in this study were chosen, a number of pilot experiments were 
performed using different durations of experimental period, temperatures, 
| and photoperiods. Owing to the small sample size and high mortality in 
each of these preliminary experiments, the details will not be presented 
here. Some of these results, however, are presented in Appendix l. 

Experiment 1 involved a total of 56 fish. They were preconditioned 
in two 120-liter aquamarine fiberglass tanks at 16° C in total darkness 
for approximately one month before being subjected to experimental 
conditions. At the beginning of the experiment fish were anaesthetized 
with tricaine methanesulfonate and the left eyes removed (see Appendix 1) 
under dim red light (Kodak safelight with Wratten Series 2 filter). In 
addition to enucleation, the operation included the recording of the wet 
weight of each fish, tagging (metal animal tag, number 1005 monel size l, 
National Band and Tag Co., Kentucky; on the ventral portion of the caudal 
peduncle) and, except for five fish in one group (see below), withdrawal 
of approximately 0.3 ml of blood from the dorsal aorta. They were then 
divided into four groups and subjected to the following conditions for 
28 days: 12L/12D at 16° C (group 1-A), 24D at 16° C (group 1-B), 12L/12D 


at 6° C (group 1-C) and 24D at 6° C (group 1-D). At the end of the 
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experiment, fish (except for those held in total darkness in the 
experiment) were guribeaRteca for one (or one and a half) hour, 
anaesthetized and the right eyes removed under dim red light. Weight of 
fish was again determined, with blood samples withdrawn from the dorsal. 
aorta of the fish. The sex of the fish was determined at autopsy by 
identification of the morphologically differentiated male and female 
gonads (Saunders and Manton, 1969). Blood and retinae of these fish 
were analysed for thyroxine concentration and visual pigment composition 
respectively (see later sections for methods). The numerical results 
from this experiment (and experiments hereon) are reported in Appendix 7. 

Experiment 2 involved 61 fish. Within one to two days after 
arrival from the rearing station, these fish were dark-adapted and, 
‘except ror five fish in one group which were not bied, were operated on in 
the same way as in Experiment 1. They were then divided into four 
eroups: 24D at 6° C (aroup 2-w), 24D at 16° C (eroup’2-X)*, '1LZL/12D at 
GG (eroun 2-\) and 12L/i2p ato, CO aeroupe2=Z). Ek the end of 28 days, 
sampling was carried out as previously described. 

Ten fish (five in group 2-Z and five in group 1-D) in the above 
two experiments were not bled at the beginning of the experiments so that 
the influence of bieeding on any change of visual pigment composition and 


blood thyroxine level could be estimated. 


Change of Visual Pigment Composition over a Period of 45 Days-- 
Experiments 3 and 4 
Experiments 3 and 4, involving 171 fish, were designed to study 
individually the effect of light and temperature on changes of visual 


pigment composition over a period of 45 days. Fish were either operated 


if 
? % aye oS Ty ia 
3 1 
Be \) DRA 
‘ cL ibe tae h 
= . 5 a + 
‘ ee hi ¥ ty sid iis bay? te ie 
“ ae : 7 e on A” x 
SPA GW 2h pegs) as 5 ae ae a es 
“. 5 ») ‘ as Dw aS 
aps 2 iar as es oes: pied, ; ys a 
. : i : A ia 
Naz oat = AEE FAL mile ee iraiiek Saw Sau 
biivedess Sean; hy hee “Siiee® Se Sheba oe Ah ee t : 
Pace! simak yy ro j tise 
os os is { reston Peed es Js | Fie 3 
4 
» * 
aah ve ey Yr yy) oe . 4 ie tay 
ae 
‘ ere ea e wtih “ Peo Ee eet Fi a at AD 
ahi ue = 48S, Orth 4. Sih 
i és, Lie 
j y Sj UG. S98 ORs 2 Sot) Si fiw 2G to: ze 


S A ‘ e 
as TAR : = a i z 4 x : itt - te gprs. Mat ci | se bey u 
af B cy . in. = : 4 = © 
Biee Pa PLGG.2 ce a of Hq vo Ih fe oO gitar, oe io -2 
: . Mb, : a \ : 
a . we beeaes ge 3 
care % : : i 
my eae ‘Sap 2 LR it OE Oe 
és ~ 7 Pe. ‘ ,-:* 
i & 7 : eo) : _— ‘ 
the) lad d " a : 7 : aa 
s ; : 
ae 7 - i < . 
a, Cy , jie: ail eg heats WOE egal y ford, 


tas pails: Fey’ tle: ras 54 st 4a 


ried a SEAN. Pe 
23 ‘ 


upon and then subjected to experimental conditions sie upon 
arrival from the rearing station (88 fish, groups 3-L, 3-M and 3-N) or 
subjected to approximately one month of normal laboratory conditions at 
low temperature (4-5° C) before the experiment began (83 fish, groups 
3-1, .3-U sand -3—-K), ees dark-adapted, anaesthetized, weighed, 
tagged and the left eyes removed at the beginning of the experiments. 
They were then subjected to one of the three experimental conditions for 
45 days. Fish used in the experiment to test the effect of light 
(Experiment 3, fish not preconditioned) were divided into three groups of 
approximately 30 each. They were then held at 16° C in 12L/12D (group 
3-L), 241. (group 3-M) and 24D (group 3-N). Fish used in the experiment 
to test the effect of temperature (Experiment 4, fish preconditioned at 
4-5° C) were similarly divided into groups of approximately 30 each, 
held under constant darkness at 5° C (group 4-T), 10° C (group 4-U) and 
15° C (group 4-K). Whenever possible, right eyes of two fish from each 
group were removed every three days. Wet weight and sex were determined 
after the fish were killed. Unfortunately, mortality was high for 


group 4-T (5° C, 24D) owing to failure of the water supply. 


Interrelationship of the Level of Thyroxine, Percent 3-Dehydroretinol 
in Blood and Visual Pigment Composition--Experiment 5) 


Although Experiments 1 and 2 would give information on how light 
and temperature may affect the thyroxine concentration in blood in 
relation to visual pigment composition, the amount of plasma obtained from 
those fish was insufficient to allow simultaneous determinations of 
thyroxine concentration and percent 3-dehydroretinol in blood from the 


same fish. Therefore a group of larger fish, with a mean body weight of 
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95.6 grams (n = 48, ener eon: 77 g to 139 g), were selected (according 
to body weight) for this experiment. Upon arrival from the rearing 
station, they were dark-adapted, anaesthetized and the left eyes 
removed. Besides the routine weighing and tagging, 0.6 ml of blocd was 
obtained from the dorsal aorta of each fish for the determination of 
percent 3-dehydroretinol in the blood. The fish were then divided into 
four groups of 12 each and subjected to one of the four different light 
and temperature conditions for 26 or 29 days:! 12L/12D, 16° C, 26 days 
(orowp 5-2). LZL/120. 6° Ce 29edays (group 5-0): 24D, 16° C, 26 days 
(group 5-R) and 24D, 6° C, 29 days (group 5-S). Blood samples (0.8 to 
1.2 ml from each fish) and right eyes were obtained at the end of the 
experiment. Both thyroxine concentration and percent 3-dehydroretinol 


were determined from the blood samples. 


Introduction of Thyroxine in Tank Water--Experiment 6 

From the work of Eales (1974), it is assumed. that a more stable 
and sustained increase of thyroxine level in blood can be induced by 
having thyroxine in the tank water. In this experiment, juvenile trout 
were subjected to 10 yg/100 ml (0.1 ppm) concentration of L-thyroxine 
(Nutritional Biochemical, Ohio) in static tank water. The general 
procedure followed that described by Eales (1974). L-thyroxine (T4) 
(0.12 g) was dissolved in 60 ml of 0.1 N NaOH solution and 5 ml of the 
thyroxine solution was introduced into the fish tank holding 100 liters 
of dechlorinated Poe water. Fresh stock thyroxine solution was 
prepared every five days. All groups (T4-treated and controls) ci fish 


luis allowed the 3-dehydroretinol assay to be accomplished on all 
samples within 12 hours of withdrawal cf blood from the fish. 
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were transferred every twenty-four hours to an identical tank (for T4 
groups, containing freshly introduced T4). Temperature of these eae 
tanks was held constant (at 8° C) by running cold water through a metal 
cooling coil immersed inside the tank. The cold water supply to the 
cooling coil was controlled by a solenoid connected to a relay and 
regulated by a thermoregulator as previously described. 

Forty fish were preconditioned at 16° C in total darkness for one 
month. Due to mortality of unknown reason, only 33 fish survived the 
experiment. The operation at the beginning of the experiment was 
carried out in darkness under dim red light (Kodak safelight with Wratten 
series 2 filter). It included anaesthetizing the fish, removal of the 
left eyes, wet weighing and withdrawal of 0.5 ml of blood from the dorsal 
aorta of each fish. Fish were then divided into four groups and held at 
8° C for 10 days under different experimental conditions: 24D y.Statac 
tank water (group 6-E); 24D, static tank water with T4 introduced (group 
6-F); 12L/12D, static tank water (group 6-G) and 12L/12D, static tank 
water with T4 introduced (group 6-H). Fungal disease was detected 
during the experiment, thus chloramphenicol ache ramcecinc es. Parke, 
Davis and Co., Ltd., Ontario) was introduced (3 capsules per day per 
tank, 250 mg per capsule) to all tanks starting from the second day of 
the eae ea After dark acclimation, right ey Pe blood samples 
were removed from the fish at the end of the experiment. In addition to 
thyroxine concentration, percent 3-dehydroretinol was also determined 


from the same blood samples. 
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Capped-Eye Experiment--Experiment 7 


A concave depression of approximately 5 mm deep was made onto an 
aluminum plate with a 25/64" (0.99 cm) drill. Eye caps were molded 
from a piece of eerneparent plastic (transparency normally used for 
overhead projectors, approximately 0.03 to 0.04 mm in thickness) by 
forcing the blunt end of a 10 x 75 mm pyrex test tube, preheated over a 
bunsen burner, into the concave depression of the aluminum plate, with 
the plastic lying in between the test tube and the aluminum plate. 
Transparent eye caps were simply made by cutting these concave 
depressions from the transparent plastic. Different sizes of caps can 
be manufactured simply by varying the size of the depression on the 
aluminum plate. Black caps were made by covering the transparent caps 
with a strip of black vinyl electrical tape (Scotch brand). In some 
instances, a drop of Krazy glue (alpha cyanoacrylate, Tel-Pro Products 
Ltd., Ontario) was applied to ensure binding of the black tape onto the 
transparent cap. The fish were anaesthetized with the eye caps fitted 
under room light. Several drops of Krazy glue were applied onto the 
junction where the tissue around the orbit met with the cap. To ensure 
the effectiveness of the glue, the area where the glue was to make 
contact had to be thoroughly dried. To hasten drying of the glue, a 
stream of air was applied to the surface of the applied Krazy glue for 
approximately 30 seconds. For fish fitted with two caps, the entire 
operation took two to three minutes. 

Fish used in this experiment were preconditioned at 16° C in 
total darkness for approximately three weeks. At the beginning of the 
experiment, 17 fish were each fitted with one black and one transparent 


cap, three with two black caps and three with two transparent caps. 
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Fish were recapped if the caps dislodged from the eye within the first 
twelve hours. No more than six fish were placed in each of four tanks, 
with each individually marked by fin clips or metal tags in such a way 
that each could be identified at a distance. A black cross-mark was made 
on the transparent caps to facilitate the location of these caps if 
dislodged. A daily baled was made on the condition of the caps on the 
eyes of each fish. 

During this experiment which lasted for 10 days, the fish were 
maintained at 8° C and 24L. Inspection at the end of the experiment 
showed no cloudiness of the cornea of any capped eye. Mortality was 


high (30.4%) probably owing to the induced hypoxia during the capping. 


METHODS 


Estimation of Percent VP» in the Retina 

Fish from most groups in the study were dark-adapted for one to 
one and a half hours before the eyes were removed from the orbit by a 
pair of forceps. This eye removal procedure, along with the dissection 
of retina and the extraction of visual pigments, was carried out under 
dim red light illumination (Kodak safelight with Wratten series 2 filter). 

The eyes were placed in cold 4% alum solution (aluminum potassium 
sulfate) in light-tight canisters so that they could be transferred from 
one room to another. Dissection of the retina (for detailed procedures, 
see Jacquest, 1969) was done within twelve hours of eye removal. The 
retinae were then stored in darkness in 4% alum at -20° C for a period of 
up to 3 months before extraction. The visual pigments of each retina were 


extracted (for detailed procedures, see Munz and Beatty, 1965) with 
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0.5 ml of freshly prepared 2% digitonin (Nutritional Biochemical) 
solution. Saturated sodium borate solution (0.05 ml) was used to adjust 
the pH of the extract to about 8.5 before it was stored again at) =—20° C. 
A minimum of four days to a maximum of two weeks was allowed before the 
spectrophotometric analysis of extract was carried out. 

For the detailed procedures and principles involving the 
bleaching experiment, one is referred to the published work by Dartnall 
(1957) and Munz and Beatty (1965). Neutralized solution (0.05 ml) of 
0.02 M hydroxylamine (NH20H) was added to each extract before the 
initial and final absorbance spectrum of the extract was obtained from a 
Cary 14 recording spectrophotometer. The bleaching protocol consisted of 
a single ten-minute exposure of the extract to orange light (610 nm). 
Using a template curve prepared by Munz and Beatty (1965) from the pure 
difference spectra of VP503; (rhodopsin) and VP527»5 (Serniecpain added 
in various proportions to represent mixtures, the percent VP») was 
determined from the wavelength at the 50% point of the total difference 
spectrum (for detailed procedures, see Appendix 2). Conversion of percent 
VP» (based on relative absorbance) to molar percent VP» (based on 
molecular concentration) was made using the values 40,600 and 30,000 as 
the molar extinction coefficients of rhodopsin and porphyropsin 
respectively! (see Dartnall, 1968). Statistical analyses were carried out 
on values of mouAt percent VP). Parametric tests were employed on the 


assumption that values of molar percent VP2 of each group of fish are 


l¥rom mathematical deduction, the following conversion formula was 
reached: 
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normally distributed (Appendix 3). Significance is recognized at the 5% 


level in all tests. 


Thyroxine Assays 


The determination of thyroxine concentration in blood samples 
followed the instructions supplied with the Tetralute 1129 Reagent Kit 
(Ames Company, Ontario) for the tm vittro thyroxine assay. The method 
utilizes the principle of competitive protein binding (Murphy and Pattee, 
1964) between thyroxine in the plasma sample and the added radioactive 
thyroxine with the thyroxine binding proteins in human plasma (Braverman 
et al., 1971). This clinically oriented thyroxine kit has been proven to 
be useful in the study of circulatory thyroxine in the brook trout 
(Salvelinus fontinalis), rainbow trout and several other fresh-water 
species (Higgs and Eales, 1973). Rejuvenation of the sephadex columns 
used in the eee ee ieee the method described by Higgs and Eales 
(1973). The blood samples, stored at -20° C, were analysed no later than 


4 weeks after they were obtained from the fish. 


Assay for Percent 3-Dehydroretinol in Blood 


The standard method for the determination of retinol and 3- 
dehydroretinol is known as Carr-Price test (Freed, 1966). It measures 
the concentration of the vitamins by a spectrophotometric method using 
antimony trichloride in chloroform to develop a blue colour (Freed, 
1966). However, this test is insensitive for the amounts of the 


vitamins existing in small volumes of blood. Therefore, a spectro- 


% porphyropsin expressed in the form of decimal figure, and 
molar % VP expressed in the form of decimal figure. 
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fluorometric method had been adopted for the purpose of this study, 


A. Extraction of retinol and 3-dehydroretinol.! The procedure 


for extracting the vitamins from blood was primarily based on the method 
by Kahan (1966) with modification from Thompson et al. (1971). The 
procedures employed in this study were as follows: 


200 ul of plasma were placed in a 12 x 75 mm disposable 
culture tube and mixed with 300 ul of 99% ethanol by vortex 
mixing. 500 ul of petroleum ether (B.P. = 38 to 47°C) were then 
added and the mixture was thoroughly agitated (for 30 seconds by 
vortex mixer). Ten minutes were allowed for the vitamins to 
separate into the petroleum ether phase. 


B. Separation of retinol from 3-dehydroretinol in silicic acid 


column. Separation of the vitamins was carried out in a silicic acid 
column (see Appendices 4 and 5). When the extracted vitamins (in 
petroleum ether) are added to a silicic acid column, retinol is retained 
by the column (Garry et al., 1970). It can then be fully recovered by 
introducing an appropriate amount of isopropanol into the column (Garry 
et al., 1970; see also Appendix 5). The 3-dehydroretinol, on the other 
hand, is fully recovered from the initial petroleum ether eluate 


(Appendix 5). 


The culture tube (containing plasma, alcohol and the extracted 
vitamins in petroleum ether) was centrifuged at 3000 XG for 5 
minutes. 300 ul of the top petroleum ether layer were transferred 
onto the silicic acid microcolumn (for preparation, see Garry et 
al., 1970). 600 ul of petroleum ether were then added to the 
column. The resulting eluate was then reduced to 400 ul (by 
evaporation under N») before assaying by fluorescence spectro- 
photometer. The column was then dried under Np and 800 ul of 
isopropanol were applied to the column. The isopropanol eluate 
was similarly adjusted to 400 ul before assaying. 


Tail procedures from extraction to separation of the vitamins in 
silicic acid column were carried out under the illumination of a 40 or 60 


W red bulb. 
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C. Spectrofluorometric assay for concentration of retinol and 


3~-dehydroretinol. The petroleum ether and isopropanol eluates were 
assayed for fluorescence at an emission wavelength of 490 nm and 
excitation wavelengths from 320 nm to 370 nm. A Turner model 430 
spectrofluorometer (G. K. Turner Associates, California) equipped with 
an automatic wavelength drive was employed for this purpose. Owing to 
the minute volume of the eluates, they were assayed in a selected micro- 
cuvette instead of the normal borosilicate tubes (#1105-805, selected 
microcuvette, G. K. Turner Associates). A specially designed adapter 
(Fig. 1) was used to fit the microcuvette onto the sample tube holder in 
the sample compartment of the spectrofluorometer. 

The fluorescence was recorded on a paper ere recorder (model MR, 
Sargent Welch) connected to the signal output of the spectrofluorometer. 
The fluorescence units were then converted to retinol and 3-dehydroretinol 
concentrations using a set of prepared standard curves (Appendix 6). The 
percent 3-dehydroretinol was then calculated from the concentrations of 


the two vitamins in the blood sample. 
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Figure 1. The special adaptor designed to fit the microcuvette 
to the sample cell holder of the spectrofluorometer, 


Turner Model 430. 


(Figures are drawn to actual size.) 
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RESULTS 


I. EFFECT OF LIGHT AND TEMPERATURE ON VISUAL PIGMENT 


COMPOSITION--EXPERIMENTS 1, 2, 3, 4 AND 7 


The results from Experiments 1 and 2 are summarized in Figure 2. 
Fish in Experiment 1 had a low molar percent VP) (34.9%, n = 50) at the 
beginning of the experiment. At the end, the four groups of fish 
ranged from 85.2% in group 1-C to 16.4% in erode 1-B. Under the two 
light regimes of 12L/12D and 24D, low temperature (6° C) in comparison 
to high temperature (16° C) favored higher molar percent VP» (compare 
groups 1-C to 1-A, 1-D to 1-B). Similarly, under the two temperature 
regimes of 6° C and 16° C, light (12L/12D) in comparison to darkness 
(24D) favored higher molar percent VP) (compare groups 1-C to 1-D and 1-A 
to 1-B). Light and low temperature (12L/12D, 6° c) induced the largest 
increase of molar percent VP) (group 1-C) whereas darkness and high 
temperature (24D, 16° C) induced the only decrease of molar percent VP») 
(group 1-B) amongst all four groups of fish. A similar magnitude of 
increase in molar percent VP, was found between groups 1-A (12L/12D, 
16° C) and 1-D (24D, 6° C) suggesting that there was no significant 
interaction between the actions of light and temperature on visual pigment 
composition. 

The molar percent VP, of fish in Experiment 2 was high (84.72, 
n = 59) at the beginning of the experiment. At the end of 28 days, the 
molar percent VP, was found to range from 79.5% in group 2-Y to 31.24 in 


group 2-X. Under the two light regimes of 12L/12D and 24D, low 
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Figure 2. 


Visual pigment composition in fish at the beginning (left 
eyes) and at the end (right eyes) of Experiments 1 and 2 
(groups 1-A, By ’C, D,. and groups 2=W,.35 Y,.2). 


Fish in Experiment 1 were preconditioned at 24D at 16° C 
for one month before the experiment began. Fish in 
Experiment 2 were subjected to experimental conditions 
immediately upon arrival from the rearing station. All 
fish were subjected to 28 days of the different light and 
temperature regimes indicated in the figure. 


The vertical line represents the range, the vertical bar 
gives one standard error from the mean, N = sample size. 
Results from Experiment 1 are represented by white bars 

and Experiment 2, black bars. 
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temperature (6° C) in comparison to high temperature (16° C), favored 
higher molar percent VP») (compare groups 2-Y to 2-Z and 2-W to 2-X). 
Similarly, under the two temperature regimes of 6° C and 16° C, light 
(12L/12D) in comparison to darkness (24D) favored higher molar percent 
VP (compare groups 2-Y to 2-W and 2-Z to 2-X). Light and low 
temperature (12L/12D, 6° C) induced the least amount of decrease of 
molar percent VP, (group 2-Y) whereas darkness and high temperature (24D, 
16° C) induced the largest decrease of molar percent VP, (group 2-X) 
amongst all four groups of fish. Darkness and low temperature (24D, 
6° C) favored a higher molar percent VP5 (group 2-W) than light and high 
temperature (12L/12D, 16° C, group 2-Z). However, Student's T test 
shows that the molar percent VP» of the two groups (2-W and 2-Z) of fish 
are not significantly different from each other (p < 0.05). 

Results from factorial analysis of variance (Sokal and Rohlf, 
1969) on molar percent VP» of right eyes of all fish in Experiments 1 
and 2 show that light and temperature effects are statistically 
significant in both experiments (Table 1; p < 0.05 is hereon designated 
as accepted level for significance). This indicated that in both 
experiments, under the two temperature regimes of 6° C and 16° C, light 
(12L/12D) in comparison to darkness (24D) favored significantly higher 
molar percent VP>. Under the two light regimes of 12L/12D and 24D, low 
temperature (6° C) in comparison to high temperature G6-5C) “also 
favored significantly higher molar percent VPz. For the four different 
combinations of light and temperature regimes studied, light and low 
temperature (12L/12D, 6° C) favored the highest molar percent VP2 whereas 
darkness and high temperature (24D, 16° C) favored lowest molar percent 


VP». These phenomena occurred apparently irrespective of whether the 


) 


ey Phas TELM oy ah Aosta wat LS ; sean stash, By noe? 


pA 4 4 4 ee e = 
as 
* P em | Sy . 
i . oF. 
, 
io aneatiol 3 
: 
ia 
t ~e 
bae.! een 
- ef e ah 
; 2 ee BS BE 
~~ = 1} i 5 r 
ae Aran 3 i. 
~ 1 = 
re ak allt 
3 y Fl 
. , ca S & Ni 
» 7 ae 9 » 5 4, 
(720 pan US Rene ‘akon beta 
as = . . . - 3 E g*« ere \ 
Fh Ne 
‘ =e 
: 
a : é 
wi S2LSus2 as giSas tac: 
ten i «t —S ae os 7 7 2 
ie , ~ 
reat Ai as PU 756 2b tu Poa.* a) oe 
a es 
e200, AY (slit, fiesh seed) Sle 
~ he a 4 i - 5 a 
M8 i 
i Se hi-w 7 Al any Si) ayes go" eyci 
= 7 4 Ls ‘ 
ae : ; 
me sha . % - a 7 v a 
; soslaia, a ne ce a ieee ry Povs a: fii 4, 
+ pte 2 = Te: ae Res 
. : 5 oh = y ) 
oS ; oe eee ay , ee pe * 
wie yee hiie GESQIE! 3b aw ies I ahert: a) ‘42h +Sh ih - :) eee 
= oo ] =! ‘ ‘ 
a ae 
mts. & M 29 Seyiso:- Weir s cet thine bog 
_ 4 ea _ a, ~ P 
= i 
E 7 = ; : 
eg es . » a ’. . rr: i ry : - * 
ee ase FG Ont Set. 7 TY atrSdeny oo tsb Ay eect 
5 Ay Cy a ae x a> 
, ‘ , : 
: .- 7 Hess 258 4 i = iurtes: 34); wits © -lewee pom Fe T> Se A mie a ee 
ee rc = ae ey cl Ne ho bee SPEARS a ME ee See, 
oy T. ‘ S x B  @ Pre 
rt no ss R . ~ < 7 A q 
7 a ty = d 2 ‘ $ 
S. Sierrav +SY Snscteqmeion sestatd wiz 


Sy trios 342\0 Rnigevbae a 2 
od 1 = Sa an r i 


- 


aq : 
"th olay aay 
a -s 


Table aly. 
iw 

ep eB) 
00 & 
od 
48 
d 
Ww 
o Uv 
a, 
N 
a ov 
= 

uy 
¥ Oo 
G 

ou 
Onc 
uo 
i) 

A, +) 
oS 
nt 

eo Mn 
3 
{e) 

1) 


Thyroxine levels in blood at 
end of experiment 
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Results of factorial analysis of variance on data from 
Experiments 1 through 6 


Variables ‘ 
analysed Factor* Result** 

S 

Experiment 1 B S 
AxB NS 

A S 

Experiment 2 B S 
AxB NS 

A S 

Experiment 5 B Ss 
AxB ) 

A S 

Experiment 6 C Ss 
AxC NS 

A NS 

Experiment 1 B : NS 
AxB S 

A NS 

Experiment 2 B NS 
: AxB NS 
A NS 

Experiment 5 B S 
AxB S 
A NS 

Experiment C S 
AxG NS 

A S 

Experiment 5 B S 
AxB NS 
A NS 

Experiment 6 & S 
AxC NS 


a a I 


Light effect 

Temperature effect 

Thyroxine introduction to tank water 
Interaction between 2 factors. 


= significance; NS = non-significance; significance is 
at the 5% level. 
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molar percent VP, was high or low at the beginning of the experiments. 

The change of visual pigment composition over time was aceee 
by serially sampling fish every three days for a period of 45 days 
(Experiments 3 and 4). Results from Experiment 3 indicated again that 
at high temperature (16° C), light (24L or 12L/12D) in comparison to 
darkness (24D) favored higher molar percent VP) (Fig. 3). The magnitude 
of the decrease of molar percent VP5 among groups d= woe and) S=N did 
not seem to be proportional to the decrease of photoperiod in each case 
(24L, 12L/12D and 24D). Also the change of visual pigment composition 
did not appear to have reached any equilibrium level (where there was 
minimal change of visual pigment composition over time) within the 45 
days of the experiment. 

Results from Experiment 4 (Fig. 4) showed that in total darkness 
(24D), low temperature (5° C) in comparison to high temperature (15° C) 
favored higher molar percent VP>. The magnitude of the decrease of molar 
percent VP, among groups 4-T, 4-U and 4-K appeared to be proportional to 
the increase of temperature in each case (5° C, 10° C and 15° C). In 
addition, the estimated lines representing the change of visual pigment 
composition seemed to indicate that the fish had reached (or moved close 
to) new equilibria of visual pigment composition by the 30th day of 
experiment. | 

The unilateral effect of light on eyes of fish with black and 
transparent caps was studied in Experiment 7 (Table 2). Results from 
eight fish kept under the experimental condition (24L, 8° C) for a period 
of 10 days showed a mean difference of 20.7% between the two eyes fitted 


with black and transparent caps (see Table 2). Therefore the unilateral 
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Figure 3. 


Effect of light on the visual pigment composition in fish over 
a period of 45 days (Experiment 3). 


Experiment began upon arrival of fish from the rearing 

station. Left eyes of fish were removed at the beginning of 
the experiment (white column at day zero, shaded portion of 
which shows one standard error from the mean). Right eyes 

from two fish per group, whenever possible, were removed every 
three days during the experiment. The fish were held at 16° C 
under 24L (group 3-M, white columns, connected by broken line), 
12L/12D (group 3-L, shaded columns, connected by solid line), 
and 24D (group 3-N, black columns, connected by broken and 
dotted line). The lines were fitted by eye estimation. 


Upper and lower ends of vertical column show range of sample. 
Horizontal line shows the mean. Sample size is two per column 
unless otherwise indicated. Only one result (e) was obtained 
on the sixth days of experiment in group 3-L (12L/12D). 
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Figure 4. 


Effect of temperature on the visual pigment composition over 
a period of 45 days (Experiment 4). 


Fish were preconditioned at 4-5° C under laboratory condition 
for approximately one month before the experiment began, 
when left eyes of the fish were removed (white column at day 
zero, shaded portion of which shows one standard error from 
the mean). Right eyes from two fish per group, whenever 
possible, were removed every three days during the 
experiment. The fish were held in total darkness at 5° C 
(group 4-T, white columns, connected by broken line), 10° C 
(group 4-U, shaded columns, connected by solid line) and 

15° C (group 4-K, black columns, connected by broken and 
dotted line). The lines were fitted by eye estimation. 


Upper and lower ends of vertical columns show range of 
sample. Horizontal line shows the mean. Sample size is two 
per column unless otherwise indicated. In group 4-T, only 
one result (@) was obtained on each of the 20th, 22nd, 23rd, 
and 42nd days of experiment. 
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Table 2. Difference of molar percent VP) between two eyes of fish 

fitted with black and transparent eye caps. Fish in Experiment 
7 were preconditioned at 16° C in total darkness for 
approximately three weeks before they were individually fitted 
with various combinations of black and transparent eye caps, as 
indicated in the table. During the experiment, they were held 
at 8° C under continuous illumination (24L). For values of 
molar percent VPj in each fish, see Table 23 in Appendix 7. 


No. of days 
caps success- Description Difference of 
fully stayed of capping Sample molar percent VP» 
on fish eyes conditions* size of two eyes 
A uy 7 .9Z%%* 
A os 10.54** 
A af 9.27%%** 
10 A 8 20.7%4%* 
B 1 2. 5Sf*RK 
4 G Al 4. 6L*RKK 
10 C il 0. 04*k** 


*A: Fish fitted with one black and one transparent cap. 
B: Fish fitted with transparent caps on both eyes. 
C: Fish fitted with black caps on both eyes. 


**kMolar percent VPo from eye fitted with transparent cap - molar 
percent VP» from eye fitted with black caps. 


*kkMolar percent VPo from right eye - molar percent VP) from left 
eye. 


*k*kkMolar percent VP> from left eye - molar percent VP) from 
right eye. 
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action of light on changes of visual pigment composition in two eyes of 
the same fish was evident. Fish fitted with both black caps and both 
transparent caps showed differences of molar percent VP», less than 5% 
between the two eyes, irrespective of the number of days the caps 


successfully stayed on the eyes of the fish. 


II. EFFECT OF EXOGENOUS THYROXINE AND INFLUENCE OF 
PHYSIOLOGICAL LEVEL OF THYROXINE ON 


VISUAL PIGMENT COMPOSITION 


The effect of exogenous thyroxine on visual pigment composition 
was studied in Experiment 6 (Fig. 5). Under the two light regimes of 
12L/12D and 24D, introduction of L-thyroxine to tank water (10 yg L- 
thyroxine/100 ml tank water) induced significantly higher levels of both 
thyroxine concentration in blood and molar percent VP» in retina of the 
fish (compare groups 6-H to 6-G and 6-F to 6-E; see Table 1 for level of 
significance). Therefore, the action of exogenous thyroxine in elevation 
of molar percent VP» in rainbow trout is evident. 

Comparison of the molar percent VP> between the two groups of 
thyroxine-treated fish (compare group 6-F to rOLe or the two groups of 
controls (compare group 6-E to 6-G) shows that light (12L/12D) in 
comparison to darkness (24D) induced significantly higher molar percent 
VP> in the trout. However, light (12L/12D) in comparison to darkness 
(24D) did not induce oe significant difference in the thyroxine levels 
between the two groups of thyroxine-treated fish (compare group 6-H to 
6-F) or the two groups of controls (compare group 6-G to 6-E). An 


analysis of variance (Table 1) also indicates insignificant interaction 
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Visual pigment composition and thyroxine concentration in fish 
with thyroxine introduced into tank water at a concentration 
of 100 ug/100 ml (Experiment 6, groups 6-E, F, G and H). 


Fish were preconditioned at 16° C, 24D for 30 days before the 
beginning of the experiment when left eyes and blood samples 
were obtained from the fish. All fish were held at 8° C for 
10 days in experimental conditions indicated in the Figure. 


Right eyes and blood samples were again obtained from the fish 
at the end of the experiment. 


The vertical line represents the range, the vertical bar 
gives one standard error from the mean, N = sample size. 
Thyroxine concentrations in blood are represented by black 
bars and molar percent VP» by white bars. 
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effects between exogenous thyroxine and PieHe as factors affecting 
visual pigment composition in the fish. 

In the previously described Experiments 1 and 2, levels of 
thyroxine concentration in blood, in addition to molar percent VP» were 
determined in fish at the beginning and end of the experiments (Fig. 6). 
Under the two abererenc light regimes of 12L/12D and 24D, high 
temperature (16° C) in comparison to low temperature (6° C) favored 
slightly higher levels of thyroxine in blood in both experiments 
(compare group 1-A to 1-C, 1-B to 1-D, 2-Z to 2-Y and 2-X to 2-W). Under 
the two different temperature regimes of 16° C and 6° C, light (12L/12D) 
in comparison to darkness (24D), favored also slightly higher levels of 
thyroxine in three cases (compare group 1-A to 1-B, 2-Y to 2-W and 2-Z 
to 2-X) but lower levels in one (compare group 1-C to 1-D). Factorial 
analysis of variance (Table 1) shows that both light and temperature 
effects on the blood level of thyroxine are statistically non-significant 
in these experiments. 

Jacquest (1969) working with rainbow trout and Allen (1971) 
working with redside shiner reported that bringing fish from outdoor to 
laboratory conditions resulted in a decrease of percent VP. In the 
experiments carried out in this study, the same effect was noted (Fig. 
2, Experiment 2; Fig. 3, Experiment 3; and Fig. 7, Experiment 5). In 
Experiment 2, thyroxine levels were determined from blood samples taken 


as 


from fish within one or two days upon arrival from the rearing station. 
The mean value was found to be comparatively high (1.79 yg/100 ml, n = 53, 


see Appendix 7 for mean vaiues in other groups). When fish in this 


experiment were resampled after 28 days, a decrease of molar percent VP9 
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Figure 6. 


Thyroxine concentration in blood samples from fish in 
Experiments 1 and 2 (groups 1-A, B, C, D and 2-W, X, Y, Z). 


Fish in Experiment 1 were preconditioned at 24D at 16° C for 
one month before the experiment began. Fish in Experiment 2 
were subjected to experimental conditions immediately upon 
arrival from the rearing station. All fish were subjected to 
28 days of the different light and temperature regimes 
indicated in the Figure. 


The vertical line represents the range, the vertical bar 
gives one standard error from the mean, N = sample size. 
Results from Experiment 1 are represented by white bars and 
Experiment 2, black bars. 
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in all groups was evident (Fig. 2). Comparing results (from the same 
fish) at the beginning and at the end of Experiment 0, there was a 
significant decrease of molar percent VP» associated with a significant 
decrease of thyroxine concentration in fish from groups 2-X (24D, 16° C) 
and 2-Z (12L/12D, 16° C). This association of higher thyroxine levels 
with higher molar percent VPy in outdoor fish and lower thyroxine levels 
and lower molar percent VP» in indoor fish suggests that there might 
exist some form of relationship between the two parameters, although 
correlation coefficients calculated from all individual groups using 
thyroxine levels and molar percent VP» of the same fish as pairs of 


independent variables were insignificant. 


III. RELATIONSHIP AMONG CIRCULATORY LEVEL OF THYROXINE, 
PERCENT 3-DEHYDRORETINOL IN BLOOD AND VISUAL 


PIGMENT COMPOSITION IN RETINA 


The percent 3-dehydroretinol in blood and molar percent VP» at the 
beginning and at the end of Experiment 5 are presented in Figure 7. 
Owing to the small amount of blood (0.6 ml) obtained from each fish at 
the beginning of the experiment, thyroxine levels were not determined 
from the initial samples. 

Under the two light regimes of 12L/12D and 24D, high temperature 
(16° C) in comparison to low temperature (6° C) favored higher percent 
3-dehydroretinol in blood and lower molar percent VP2 in retina (compare 
group 5-P to 5-Q and 5-R to 5-S). Under the two temperature regimes of 
6°*Cand 16° °C, Light (12L/12D) in comparison to darkness (24D) favored 


higher percent 3-dehydroretinol in blood and molar percent VP2 in retina 
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Figure 7. 


Visual pigment composition, thyroxine concentration and percent 
3-dehydroretinol in blood sampled from fish in Experiment 5 
(groups 5-P, Q, R and S). 


Experiment began upon arrival of fish from the rearing station. 
Left eyes of fish were removed at the beginning of the 
experiment. Blood samples obtained were analyzed for percent 
3-dehydroretinol. After being subjected to the different 
experimental conditions (as indicated in the Figure) for 26 or 
29 days, right eyes were removed from fish with the blood 
samples obtained. 


The vertical line represents the range, the vertical bar gives 
one standard error from the mean, N = sample size. Thyroxine 
concentrations in blood are represented by black bars, percent 


3-dehydroretinol by shaded bars and molar percent VP») by white 
bars. 
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(compare group 5-Q to 5-S and 5-P to 5-R). Factorial analysis shows 
that both light and temperature effects on molar percent VP, and percent 
3-dehydroretinol are significant (Table 1). | 

Results on levels of thyroxine are inconclusive. (1) At 12L/12D, 
low temperature (6° C) in comparison to high temperature (16° C) favored 
significantly (Student's T test) higher levels of thyroxine 
pomeeut ration (compare group 5-Q to 5-P) whereas at 24D, low temperature 
(6° C) in comparison to high temperature (16° C) favored only a slightly 
higher level of thyroxine in blood (compare group 5-S to 5-R). However, 
in the two previously described experiments (Experiments 1 and 2, 

Figure 6) high temperature (16° C) in comparison to low temperature (6° C) 
favored slightly higher levels of thyroxine under the two light regimes 
of 12L/12D and 24D. (2) Under the two different temperature regimes of 
16° C and 6° C, light (12L/12D) in comparison to darkness (24D) favored 
higher thyroxine levels in one case (at 6° C, compare group 5-Q to 5-S) 
and lower levels in another (at 16° C, compare group 5-P to 5-R). 

No significant correlations were found between thyroxine levels 
with molar percent VP», molar percent VP, with percent 3-dehydroretinol 
and percent 3-dehydroretinol with thyroxine. Inspection of Figure 8 shows 
that decrease of percent 3-dehydroretinol in all groups during the 
experiment oe to be associated with the decrease of molar percent 
VP>. Student's T tests show that percent 3-dehydroretinol decreased 
significantly in group 5-P, associated with a significant decrease of 
molar percent VP5 in the same group. Therefore, one can speculate that 
there may exist some relationship of higher percent 3-dehydroretinol in 


blood with higher molar percent VP») in the retina. 


Factorial analysis of variance shows that introduction of thyroxine 
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Figure 8. 


The relation of visual pigment composition to the percent 
3-dehydroretinol in blood (as sampled at the beginning and 
end of Experiment 5). 


Experiment began upon arrival of fish from the rearing 
station. Left eyes of fish were removed at the beginning of 
the experiment. Blood samples obtained were analyzed for 
percent 3-dehydroretinol. After being subjected to the 
different experimental conditions (12L/12D at 6° C and 16° C; 
24D at 6° C and 16° C) for 26 to 29 days, right eyes were 
removed from fish with the blood samples obtained. 


Each black dot represents result from one fish sampled at 
the beginning of the experiment and each white dot represents 
result from one fish sampled at the end of the experiment. 
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to tank water significantly (Table 1) increased percent 3-dehydroretinol 
in blood (Table 3). However, owing to the small sample size in each 


group, this finding requires further substantiation. 


IV. OTHER RELATIONSHIPS 


A. Body Weight Versus Thyroxine Concentration in Blood 


Some 300 determinations showed that smaller fish tended to have 
higher blood thyroxine levels (Fig. 9). Higgs and Eales (1973), using 
the same Tetralute method, reported an even lower mean value of 0.39 ug/ 


100 ml from seven rainbow trout with a mean body weight of 343 ge. 


B. Change in Optical Density Unit (AD max: Amount of Extracted 
Pigment) in Relation to Visual Pigment Composition 


There had been contradictory results reported on the relationship 
between total amount of visual pigment and visual pigment composition in 
the retina. Bridges (1965) reported that in Belonesox, Notemtgonus and 
Seardtntus, changes in visual pigment composition did not accompany a 
change in the total amount of visual pigment recovered by extraction 
from the retina. However, Allen (1971) showed that the total amount of 
visual pigment in retina increases as molar percent VP») increases. 
Results from all experiments in the study were used to determine the 
amount of visual pigment in relation to molar percent VP, (Fig. 10). A 
Papeete ton formula was calculated (based on the mean values in each 
group) to describe the best-fit line. A significant decrease in the 
amount of visual pigment in the retina is found to be associated with an 
increase of molar percent VP,. This finding does not agree with those 


reported by Allen (1971) and Bridges (1965). 


ho 


Table 3. Mean values of percent 3-dehydroretinol and thyroxine 
concentration in blood at the end of Experiment 6. Fish were 
preconditioned at 16° C, 24D for 30 days before the beginning 
of the experiment. The left eyes and blood samples were 
obtained from the fish. All fish were held at 8° C for 10 
days in experimental conditions indicated in the table. 

Right eyes and blood samples were again obtained from the fish 
at the end of the experiment. 
Groups 6-E 6-F 6-G 6-H 
24D 24D 12L/12D P21 /22D 
Control Thy roxine* Control Thyroxine* 

Thyroxine concentration O25 3.10 0.16 3.70 

in blood (yg/100 m1) (n=6) (n=7) (n=8) (n=9) 

Percent 3-dehydroretinol 4.3 6.8 4.5 L6,0 

in blood (n=6) (n=7) (n=4) (n=6) 


*L-thyroxine was introduced to tank water at a concentration of 
10 ug/100 ml. 
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Figure 9. 


The relation of thyroxine concentration in blood to the mean 
body weight of fish (as sampled at the beginning and\at the 
end of Experiments 1, 2, 5 and 6; exclusive of the results 
from the thyroxine-treated fish). 


(For experimental protocols, see Materials and Methods.) 


Black dot represents the mean of the group sampled at the 
beginning of the experiment; white dot, the end. Vertical 
line shows one standard error from the mean. Sample size in 
each group ranges from 6 to 19. Results from 299 
determinations are presented in the Figure. 
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Figure 10. 


The relation of visual pigment composition to the amount of 
extracted visual pigment CADRe in the retina. Values come 
from results from Experiments 1 to 7. 


Mean values for each group (with sample size ranges\ from 9 
to 29 per group) are shown. Results from left eyes 
(beginning of experiments) are represented by white dots and 
right eyes (end of experiments) by black dots. Regression 
formula calculated from the mean values in each group is: 

Y = 0.3397 -—.0.002X (solid line), t = 11, p < 0.001 
(significantly different from zero slope). Broken and 
dotted lines show 95% confidence limit of the regression 
line. Broken line shows expected change of optical density 
unit along the molar percent VP>5 scale owing to the 
difference of molar extinction coefficients of rhodopsin 
(Emax = 40,600) and porphyropsin (Emax = 30,000) (Dartnall, 
1968). When the slope of this line (0.008) is compared to 
that of the regression line, result also shows significance 
(te=75.55)-p<0 001). 
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Gee Effectiot Bleeding on Thyroxine Concentration in Blood and Visual 
Pigment Composition in Retina 


At the beginning of Experiments 1 and 2, an average of 0.3 ml of 
blood was taken from each fish except in ten, which were not bled (5 in 
group 1-D and group 2-Z). Assuming the circulatory levels of thyroxine 
and visual pigment composition of these ten fish did not differ 
significantly com that of the population from which they were randomly 
selected, the results obtained from these fish at the end of the 
experiment can then be compared to the rest of the fish in the same 
group for the effect of bleeding. Student's T tests were employed for 
this purpose. Both circulatory levels of thyroxine and molar percent 
VP» in these fish did not differ significantly from values in other fish 


in the same groups (see Appendix 7, Tables 4 and 8). 


+ 
= 
oe 
i 
+7) 
= 


’ 
5 
‘ 
‘ 
i 
rs 
3 
Pa: 
= 
\ 


2. vs -- M 
: EB: ees ee 
bs bie . ae A se age 
= 
4 
Bu, gac¥ Gy ty Dikrasear 
[ai i - | ae 53 - = i ch a F = a tn ky 
ja Asti aris’ Ci ieeaig Sita: ‘hie hota 
f uf 
wn @ 3 3 waeshy. 2m bandit and ee wits 
_ : . 7 7 + 
ak ; iz ger nay qpeo ls" Sam aS ee 
a 5 . - z J - 
x, rQ a 2 > 0 
S - Pe” Seay re, 1 BS ray Pde aaa ale aya 
ic = ’ ca ayes a hea ee ae 
i ay i “Ds 
s ate mag a 
a 
ul » > 
i Kut Nes) tea aS 
2 _ 7* : a ' 
: Cees 14 AT. § 3 
ee fo ge” : 
x ‘/' > a 
o t 7 * 
; 7. r : 
: 
ve ba 
i i! ( ; 
Ly 
4 : a) © + : 
ry 
\ 
L 
4 . ~ 
_ a 
A. | , J . bs 


52 


DISCUSSION 


This study has provided information on the effect of several 
important environmental (light, temperature) and physiological 
(thyroxine level and percent 3-dehydroretinol in blood) factors on 


visual pigment composition in juvenile rainbow trout (Salmo gairdnert). 


ROLE OF LIGHT 


In this study, contradictory reports on the effect of light and 
darkness on the visual pigment composition of rainbow trout (see 
Introduction) are partially resolved. Results from this study agree 
with those reported by Allen et al. (1973) that light in comparison to 
carkness favored higher percent VP. Studies on the change of visual 
pigment composition over eines (les 3, Experiment 2) did not provide 
sufficient information to render any possible Be rEeno ise ion sor indoor 
to outdoor situations. 

Results from the capped-eye experiment (Table 2) suggested the 
possible existence of a local control mechanism for the effect of light 
on visual pigment composition. The exposure of ocular tissue to a light- 
dark cycle in comparison to continuous darkness increases the rate of 
bleaching and subsequent resynthesis of visual pigment, thereby 
increasing the rate of turnover (degradation and synthesis) of visual 
pigments and their prosthetic groups in the receptor cells (Bridges and 


Yoshikami, 1970; Hall and Bok, 1974). In addition, Bridges and Yoshikami 
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(1970c) suggested that light might influence the 3-4 dehydrogenation 
reaction (which converts retinol to 3-dehydroretinol), hypothesized to 
take place in the "light sensitive" myeloid body (Yamada, 1961) in the 
cells of the pigment epithelium. Recent information also indicates that 
some enzymatic reactions (such as kinase activity) in the retinal 

outer segment are light-sensitive (Bownds, et al., 1974; Frank and 


Bensinger, 1974). 


ROLE OF TEMPERATURE 


The study showed that low temperature (5-6° C) in comparison to 
high temperature (15-16° C) eavared higher molar percent VP. This is 
in accordance with the results reported by Allen and McFarland (1973) 
who worked on the golden shiner, Notemtgonus erysoleucas. Note that 
the latter is a cyprinid fish which responds to light by decreasing the 
proportion of porphyropsin (Bridges, 1974; Allen and McFarland, 1973). 
Therefore, it is evident that temperature exerts a similar effect on fish 
which respond to light by increasing (rainbow trout) or decreasing 
(golden shiner) the percent porphyropsin. In spite of the opposite 
effects of light and darkness on visual pigment composition in different 
fishes, there exists a general tendency towards increasing the proportion 
of porphyropsin in the winter and decreasing it in the summer (Allen and 
McFarland, 1973, Table 5, p. 911). Therefore the importance of 
temperature, as an environmental factor, on visual pigment composition 
in eiehes should not be overlooked. 

In total darkness, new equilibria of visual pigment composition 


were reached within thirty days after the fish were transferred to 
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different temperatures (Fig. 4, Experiment 4). However, there was no 
indication that equilibria were established during the 45-day period 
when fish were held under 24L, 12L/12D or 24D at high temperature (16° C) 
(Fig. 3, Experiment 3). Certain contradictory reports on the effect of 
light on visual pigment composition in certain salmonid fishes (Beatty, 
1966, juvenile coho salmon and king salmon, Oncorhynchus tshawytscha) 
might be explained by the temperature effect (Beatty, 1975, personal 
communication). 

The mechanism whereby temperature might exert its influence on 
visual pigment conversion can be summarized as follows: 

1) Temperature could affect the bleaching-resynthesis cycle 
thereby controlling the rate of turnover of visual pigment and their 
prosthetic groups in the receptor cells (Bridges, 1972). 

2) Temperature might affect general metabolism of the receptor 
cells. For example, the rate of formation and subsequent displacement of 
outer segment discs in frog photoreceptors (rods) is doubled with a 
temperature increase of 10° C (Young, 1967). 

3) The hypothesized 3-dehydrogenase enzyme (Dartnall, 1964; 
Bridges, 1965) responsible for conversion of retinol to 3-dehydroretinol 
might have optimal activity at high or low temperatures. Other fish 
dehydrogenases have been shown to have maximum activity at given 
temperatures (Hochachka and Somero, 1973). 

The reason why low temperature favors porphyropsin may be 
associated with the thermal stability of rhodopsin and porphyropsin. 
Bridges (1956) found that rainbow trout porphyropsin decayed 40 times as 


fast as rhodopsin in an extract (at 3° C) containing the two pigments. 
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Schwanzara (1967) reported that porphyropsin was less common than . 
rhodopsin in tropical fish. This may be related to the possible decreased 


thermal stability of porphyropsin at higher temperatures (Bridges, 1972). 


ROLE OF THYROXINE 


This study provides the only report on the elevation of 
circulatory thyroxine in fish accompanied by an increase of molar percent 
VP2 when exogenous thyroxine is introduced into tank water. The increase 
of molar percent VP> in the control fish during the ten days of the 
experiment was partially due to a temperature effect (see Materials and 
Methods, Experiment 6). However, compared to the control fish held at 
the same temperature, fish with thyroxine introduced in the tank water 
had significantly higher molar percent VP». Therefore the action of 
exogenous thyroxine in the induction of increased molar percent VP» was 
evident. The fact that thyroxine levels in the blood increased in 
association with increasing molar percent VP» suggests a possible central 
control mechanism. The finding that thyroxine elevates the proportion of 
porphyropsin in rainbow trout agrees with results reported by Munz and 
Swanson (1965) and Jacquest and Beatty (1972). 

No conclusive evidence is evident from the results concerning the 
effect of light and temperature on the circulatory level of thyroxine. 
Although a significant temperature effect on thyroxine concentration in 
blood was noted in it cas ue in Experiment 5 (Fig. 7), results from 
other experiments (Experiments 1 and 2, Fig. 6) did not seem to 
substantiate the finding. In addition, results from Experiment 6 (Fig. 5) 


showed that, in the thyroxine-treated fish, those held in light (12L/12D) 
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had significantly higher molar percent VP» than those held in darkness 
(24D) even though there was no significant difference in the elevated 
thyroxine levels in the blood between the two groups. These suggest 
that light in comparison to darkness influences visual pigment in trout 
probably through some other means than the induction of an elevated 
level of thyroxine in circulation. The finding that there was no 
interaction (effect) between light and exogenous thyroxine as factors 
significantly affecting visual pigment composition in trout (see Table 1) 
partially substantiated this view. 

The mechanism whereby thyroxine acts has been a subject of 
speculation (Wilt, 1959; Naito and Wilt, 1962; Ohtsu et al., 1964; 
Beatty, 1969, 1972; Jacquest and Beatty, 1972; Allen, 1971; Bridges, 
1972). Thyroxine might influence the activity of the hypothesized 
3-dehydrogenase enzyme which is responsible for conversion of retinol to 
3-dehydroretinol (Wilt, 1959; Naito and Wilt, 1962; Ohtsu et al., 1964). 
It might also be responsible for the availability of retinol and 
3-dehydroretinol by regulating their absorption, metabolism, storage and/ 
or transport (as suggested by Beatty, 1972; Jacquest and Beatty, 1972). 
Until further detailed investigations are undertaken along this line, no 


further discussion on this aspect can be presented. 


ROLE OF 3-DEHYDRORETINOL 


Results from Experiments 5 and 6 show that the percent 
3-dehydroretinol in fish were generally low, with mean values ranging 
from 42.6% to 4.3% (see Appendix 7). This is in agreement with results 


reported by Plack and Woodhead (1966) who noticed that approximately 15% 
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3-dehydroretinol always co-exists with circulatory retinol in the cod, 
Gadus morfua (which is a fish having only vitamin A, based pigment in 

the retina; Lythgoe, 1972). Comparing the percent 3-dehydroretinol in 
blood to the molar percent VP> in a retina of the same fish, one can 
conclude that the former does not mirror the molar percent Veo rCPie. 08)s. 
Since the percent 3-dehydroretinol in the pigment epithelium mirrors 
percent VP in fish (Wald, 1939; Bridges and Yoshikami, 1970b), it seems 
evident that the ocular tissue plays the more important role in determin- 
ing the percent 3-dehydroretinol in the pigment epithelium rather than 
the blood level of the vitamins A, and Ap». 

Beatty (1972) and Jacquest and Beatty (1972), working on rainbow 
trout and kokanee, found that either by intraperitoneal injections or 
through dietary intake of 3-dehydroretinol, significant increases of 
percent VP2 occurred in the two species. This suggests that an increase 
of the percent 3-dehydroretinol in blood would probably increase the 
proportion of porphyropsin. In this study, high temperature (16° C), in 
comparison to low temperature (6° C) and light (12L/12D), in comparison 
to darkness (24D), favored higher percent 3-dehydroretinol in blood (Fig. 
7). Since higher temperature also favors lower molar percent VP2, it 
would not be likely that temperature, as an environmental factor, 
influences visual pigment composition via regulation of percent 3- 
dehydroretinol in blood. On the other hand, light in comparison to 
darkness might exert its influence on visual pigment composition by 
inducing a small increase of percent 3-dehydroretinol in blood. 

Introduction of thyroxine to tank water has been shown to 
significantly increase percent 3-dehydroretinol in blood (Table 1). 


Owing to the large variance within each group and small sample size, this 
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evidence requires further substantiation (Table 3). 

No experimental evidence has yet been reported favoring the 
hypothesis that the ocular tissue has the ability to differentially 
sequester the two vitamins from circulation thereby regulating visual 
pigment composition in the retina. Since the bleaching-resynthesis cycle 
takes place in the retina (Young, 1967; Bridges and Yoshikami, 1970c) a 
large increase in the supply of 3-dehydroretinol (Beatty, 1972; Jacquest 
and Beatty, 1972) could alter the ratio of the two vitamins (as 
prosthetic groups for visual pigment formation) in the ocular tissue 
thereby influencing visual pigment composition in the newly formed 
discs in the outer segments of the receptor cells (Young, 1967). 

In conclusion, it seems evident, from the study, that visual 
pigment composition of rainbow trout is influenced by light, temperature 
and exogenous thyroxine. Both local and central mechanisms may co-exist 
in determining visual pigment composition in the retina. The properties 
of the hypothesized 3-dehydrogenase enzyme hold the key for understand- 
ing ae apparent effect of light and exogenous thyroxine in different 
fishes. Homogenates prepared from pigment epithelium, retina and other 
ocular tissue from different fishes could lead to more information on 
the properties of this enzyme. Local administration of proper enzyme 
inhibitors to the ocular tissue of different fishes might also be able to 
assist in the elucidation of the physiological or biochemical processes 
involved. Until more research is done, evidence existing is far from 


sufficient to satisfactorily formulate any models for the mechanism of 


visual pigment conversion. 
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EFFECT OF EYE REMOVAL OPERATION ON VISUAL 
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In order to avoid the problem of individual variation of visual 
pigment composition in rainbow trout, Jacquest and Beatty (1972) 
removed one eye of the fish at the beginning of their experiments and 
later removed the other. Assuming the percent VP, in the two eyes is the 
same at any time (Jacquest, 1969; Bridges, 1964), comparing the percent 
VP, from the left eye removed at the beginning of the experiment to that 
from the right eye at the end, one can get a more accurate estimation of 
any change in the proportion of porphyropsin during the experiment. 
However, eye removal could be a major trauma to the fish, accompanied by 
a considerable amount of blood loss. In order to show that the eye 
removal operation by itself does not impose any influence on visual 
pigment composition, some results from a number of pilot experiments are 
used. | 

At the beginning of each experiment, left eyes were removed from a 
number of fish randomly selected from a stock group of fish. These one- 
eyed fish were then subjected to the described (Appendix 1, Table 1) 
experimental conditions together with the two-eyed fish from the same 
stock group. Assuming the visual pigment composition of the one-eyed 
fish is not significantly different from the rest of the population at 
the beginning of the experiment, comparison of the visual pigment 
composition of right eyes of these fish to those of the two-eyed fish at 
the end of the experiment would indicate whether the eye removal 
operation had significantly influenced the visual pigment composition. 
Student's T test was used. The validity of using parametric tests on 
values of percent VPp has been confirmed (Appendix 3). Results accumulated 
from 95 fish show that the eye removal operation is not likely to 


significantly influence visual pigment composition in the fish. 
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Table 1 
Total no. of fish Experimental Interpretation of 
involved* conditions T test results 

8 120/120 P5SeC, 15 rdays N-S. 
12/1 2D. 15° °C, 30" days NaS 
12U7 12De hee Cee ho days Nose 
ee L215/1:2D, -15° -C,. 15-days | Ness 

9 24D, -15° -C, I5“days S. 
18 24D5 #k5 74 1480 vdays Neos 
9 24D, 7° Cy 15 days N.S. 
10 24D. (a (C230. days N.S. 
8 Room light, 7° C, 15 days N.S. 


6 Room ateht, /° *Cyyo0 days Ne. Sa 


N.S. - Not significantly different. 
S. - Significantly different. 


*The number of one-eyed fish plus the number of two-eyed fish. 
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DETERMINATION OF VISUAL PIGMENT COMPOSITION 


IN RETINAL EXTRACT* 


*The experimental procedures were carried out under dim red light 
(Kodak Safelight with Wratten Series 2 filter). 
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The frozen retinal extracts and the corresponding blank solution 
were thawed, agitated with a Vortex mixer and centrifuged at 10,000 xG 
for 10 minutes (at 20° C). The supernatants were transferred to optical 
cuvettes containing 0.05 ml of 0.2 M neutralized hydroxylamine. The 
measurement of the initial absorbance spectrum was carried out in a Cary 


model 14 recording spectrophotometer, recording from 700 nm to 350 nm at 


a scanning speed of 10 nm per second. An example of this initial spectrum 


is shown in Figure 1 of Appendix 2 (curve 1). The sample cuvette was 
then transferred to a specially constructed bleaching apparatus where the 
retinal extract was exposed to 10 minutes of orange light OS ee = 610 nm; 
quartz-iodine lamp, with an interference filter! passing light with a 
half band width of 4% of ee The cuvette was then returned to the 
spectrophotometer where the density spectrum was recorded as before (Fig. 
1, Appendix 2, curve 2). The pH of each retinal extract was measured at 
the end of the experiment. 

Munz and Beatty (1965) prepared a series of template curves 
relating the wavelengths of the 90, 80, 70, . . .10% points of the 
maximum absorbance change of a difference spectrum to various proportions 
of VP5031 and VP5272, represented as percent VP5272 (100%, 90%, 80%, 

- - - 04), in a mixture. Munz and Beatty (1965) found that the 
estimated percent VP2 based on the wavelength of the 50% point of the 
total difference spectrum was as reliable as that based on the mean from 
the. 90.60. 0ce sap ee LOsepoints. 

Therefore, a table (Table 1, Appendix 2) was prepared giving the 
percent VP2 (based on absorbance) for the various wavelengths of the 50% 


point of the maximum absorbance change (from the total difference 


lpaird-Atomic Inc., Cambridge, U.S.A. 
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Figure 1. The initial, final and difference spectrum of a retinal 


extract prepared from one rainbow trout retina . Curve l 
indicates the initial spectrum of the retinal extract in 
digitonin solution (pH = 8.5). Curve 2 (final spectrum) 
was obtained after the retinal extract was exposed to 
orange light (Amax = 610) for 10 minutes. Curve 1- 

curve 2 gave the difference spectrum, curve 3. 
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Table 1 


Table giving percent VP2 (column B, based on absorbance) for the various 
wavelengths (column A) at the 50% points of the maximum absorbance 
change (from the total difference spectrum) 


A B A B A B A B 
550 .0 1.02% 560.0 32.43% 570.0 55.9% 580.0 82.2% 
550.5 2.1% 560.5 33.3% 570.5 SY) AavA 580.5 83.8% 
551.0 4.12% 561.0 35.0% D110 58.8% 581.0 85.6% 
yo) Wee 6.9% 961.5 36.0% Dia. 59 .2% DOL. 87.42% 
552.0 7.2% 562.0 37.42% 572.0 60.5% 582.0 89.4% 
5o2..5 8.9% 262.5 38.1% D422 61.9% 582.5 91.12% 
553.0 11.4% 563.0 40.0% 573.0 63.0% 583.0 920 1h 
peice) 13.02% 563.5 40.97% 573.5 64.0% DOSS 95.02 
554.0 14.0% 564.0 41.8% 574.0 65.8% 584.0 96.0% 
554.5 16.92% 564.5 42.5% 574.5 66.4% 584.5 98.02 
555.0 18.0% 565.0 43.6% 575.0 67.9% 585.0 100.0% 
epee, 19.7% 5050 45.1% Dho's 9 69.1% 

556.0 20.5% 566.0 46.1% 576.0 70.8% 
556.5 22217 566.5 47.6% VAs re. 71.9% 
557.0 23.9% 567.0 49 .0% 577.0 73.3% 
= ST ie) 25.4% 567.5 49.7% Dili 74.5% 
558.0 26.1% 568.0 51.02 578.0 76.1% 
53859 ZL39% 568.5 52.04% 578.5 77.6% 
559.0 29.1% 569 .0 53327 579 .0 79.0% 
529.0 30.42% 569.5 54.2% DAD od 80.0 
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spectrum). 

The difference spectrum (curve 1 - curve 2) is represented by 
curve 3 (Appendix 2, Fig. 1). The 50% point of the total difference 
spectrum was located at 554 nm. From Table 1 (Appendix 2), this retinal 


extract was estimated to have 14.0% VP». 
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VALIDATION FOR THE USE OF PARAMETRIC TESTS IN STATISTICAL 


ANALYSIS OF DATA OBTAINED IN THE STUDY 
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Allen (1970) shored (hat in the red-side shiner, Rtehardsontus , 
values of molar percent VP» obtained from the fish do not follow normal 
distribution when the means of the values get close to either end of the 
0-100 percentage scale. His evidence was based on the result of the 
Kolmogorov-Smirnov test for goodness of fit to normal distribution on a 
group of 45 fish with a mean molar percent VP, of 9.8 + 9.53 (Appendix 
C, Ph.D. Thesis, U. of Oregon, Allen, 1970). He found that by transform- 
ing the same data through an arcsine transformation, normal distribution 
of data can be achieved. Therefore he concluded that all data involving 
molar percent VP, should be transformed by arcsine transformation before 
statistical analysis using parametric tests is performed. 

The molar percent VP» sampled in a number of groups in this study 
were tested for normal distribution using the same Kolmogorov-Smirnov 
tests. The results are shown in Table 1 (Appendix 3). No deviation 
from normality was found in each group irrespective of position of their 
mean percent VP, on the 0-100% scale. A total of 286 values were used 
in this analysis. 

In addition, values of T4 concentration and percent 3- 
dehydroretinol were similarly tested for fitness to normal distribution. 


No significant deviation was found in results obtained. 
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Table 1 


Result of Kolmogorov-Smirnov tests on values of molar percent VP» 
sampled at the beginning (left eyes) and end (right eyes) 
of each experiment 


Groups or 
experiments 


EXD Gee 


Bxpey 2 


Expt. 20 


Expt. -6 


Gp. 
Gp. 
Gp. 
Gp. 
Gp. 
Gp. 
Gp. 


Gp. 


2-2 


Mate 


reatesill 


analysed 


Left 
Left 
Left 
Left 
Right 
Right 
Right 
Right 
Right 
Right 
Right 


Right 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


eyes 


Molar percent VP» 
Mean = S<sE. (n) 


34.9 + 1.4 (n=50) 
84.7 + 0.7 (n=57) 
91.5 + 0.5 (n=43) 
22.4 + 2.4 (n=29) 
45.5 # 2.0 (n=1)) 
46.8 + 3.8 (n=18) 
85.2 # 1.9 (n=12) 
16.4 + 2.4 (n=9) 

70.9 + 2.6 (n=11) 
31.2 + 3.5 (n=13) 
79.5 41.5 (n=14) 
57.9 # 2.1 (n=19) 


Interpretation 
of result* 


*Positive sign means normal distribution. 
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ISOLATION OF RETINOL FROM CAROTENOIDS 


USING SILICIC ACID COLUMN 


*See also Appendix 6 for fluorometric properties of retinol and 
3-dehydroretinol. 
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Both Garry et al. (1970) and Pollack et al. (1973) suggested 
methods of isolation of vitamin A from human blood using a silicic acid 
microcolumn. Although the latter method claims specificity for retinol 
(see below) in blood, it required a large volume of plasma and therefore 
was not practical for this study. In order to establish the validity 
of the method of Garry et a2. (1970) on plasma (pooled form) of rainbow 
trout, I attempted two individual tests. 

1) Comparison of "Total vitamin A" versus "retinol" 

concentration in pooled plasma from rainbow trout 

Since the method of Garry et aZ. (1970) measures total vitamin A 
(mostly retinol and retinol derivatives) in blood while the method of 
Pollack et al. (1973) measures specifically retinol, one should be able 
to estimate the amount of retinol derivatives in rainbow trout plasma 
simply by comparison of results obtained by the two methods from pooled 
plasma sample. Two determinations (total vitamin A and retinol) from the 
same pooled plasma sample agreed to within 3.8% indicating that any 
retinol derivatives, if present, do not show up in the assay (Garry et 
al., 1970) employed in this study. Therefore, total vitamin A indicated 
by this test (Garry et al., 1970) is recognized as retinol concentration. 

2) Internal standard 

The retinol concentration of pooled plasma from rainbow trout was 
determined (for extraction and fluorometric assay, see Materials and 
Methods; the method of Garry et al., 1970, was used for isolation of 
retinol). A measured amount of retinol (Nutritional Biochemical) was 
dissolved into the plasma and the retinol content of the "enriched" 
plasma was redetermined. From the differences in the two determinations, 


one can calculate the percentage recovery of the added retinol, thereby 
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verifying the efficiency of the method with respect to extraction, 
isolation and detection of the retinol content in the plasma. A range 
of 752to 90% recovery was obtained from two different pooled plasma 


samples of rainbow trout. 
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SEPARATION OF RETINOL AND 3-DEHYDRORETINOL IN PETROLEUM ETHER 
UTILIZING THE SILICIC ACID MICROCOLUMN 


(ADSORPTION CHROMATOGRAPHY ) 


*See also Appendix 6 for fluorometric properties of retinol and 
3-dehydroretinol. 
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The proof for separation of retinol and 3-dehydroretinol in 
petroleum ether by adsorption chromatography in a silicic acid column 
mainly comes from the percentage recovery of retinol and 3-dehydroretinol 
from the eluate. Garry et al. (1974) found that by dissolving retinol in 
petroleum ether and passing the solution through silicic acid column, all 
the dissolved retinol was retained in the column. However, 93 to 100Z 
of the retained retinol could be recovered when proper amount of iso- 
propanol was put through the column. This study confimed this phenomenon. 
An average percentage recovery of 102% was found. 

When 3-dehydroretinol was dissolved in petroleum ether and the 
solution put through silicic acid column, all the 3-dehydroretinol in 
the solution was recovered from the petroleum ether eluate. This means 
that the silicic acid column has the property of selectively retaining 
retinol (see previous paragraph) but not 3-dehydroretinol in petroleum 
ether solution. A further attempt to confirm this finding was done by 
dissolving equivalent amounts of retinol and 3-dehydroretinol in 
petroleum ether and then determining the percentage recovery in each of 
the isopropanol and petroleum ether eluates. Assuming all fluorescence 
in petroleum ether came from 3-dehydroretinol, 137.24 recovery was 
calculated. Assuming all fluorescence in isopropanol eluate came from 
retinol, 110.52% recovery was found. The calculated percent 3- 
dehydroretinol was therefore 55%. This gives a percentage error of 10% 
which indicated a good estimation of the percent 3-dehydroretinol in the 
mixture. 

The percentage recovery from each eluate, as one had noticed, 


was higher than 100% in each case. This was probably due to non-specific 
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interference substances from the silicic acid column. It was found that 
it could be lessened by washing the column three times with petroleum 
ether immediately before usage. This was done in all silicic acid 


columns used in this study. 
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FLUOROMETRIC PROPERTIES OF RETINOL AND 3-DEHYDRORETINOL 


A) 


B) 


Excitation and Emission Maxima of 
Retinol and 3-Dehydroretinol 
Preparation of Standard Curves of 
Fluorescence at Different Goneenecetton 
of Retinol and 3-Dehydroretinol in 


Petroleum Ether 
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A. Excitation and Emission Maxima of Retinol and 3-Dehydroretinol 

The excitation and emission maxima of retinol have been described 
by various workers (Kahan, 1966; Drujan et al., 1968; Selvaraj and 
Susheela, 1970; Thompson et aZ., 19713; Hansen and Warwick, 1968). 
However, none could be found for 3-dehydroretinol. In this study, 
repeated testing showed that in petroleum ether and isopropanol, the 
excitation maxima for retinol and 3-dehydroretinol ranged from 337 to 
350 nm and 323 to 336 um, respectively. They had common emission 
maxima at 490 nm. 

Pure retinol was purchased as the crystalline alcohol,! the 
purity of which was confirmed by the Carr-Price test (Hubbard et al., 
1971) before it was used as a standard. 

3~dehydroretinoi was extracted from the retina of goldfish by the 
method described by Hubbard et al, (1971). Using the equation by Wald 
(1939), which was later modified by Wilt (1959), no detectable retinol or 
@-carotene was found in the extract examined by the Carr-Price Test. 

The 3—dehydroretinol was extracted from the goldfish retina as 
follows: 

Goldfish were dark adapted for 2 hours before removal of eyes 

and dissection of the retina (under Kodak safelight, Wratten 
Series No. 2 filter). The dissected retinae were placed in 
phosphate buffer and exposed to orange light (610 nm) for half 

an hour at 20° C. They were left in the dark for another half 

an hour for the reduction of 3--dehydroretinal to 3-dehydroretinol. 
The buffer was removed by washing the retina three times with 
distilled water. The retinae were then ground in anhydrous 

sodium sulphate and the 3-dehydroretinol extracted with three 5 ml 
portions of diethyl ether. No saponification was performed after- 


wards. The solution was then evaporated to dryness under Nog and 
redissolved in chloroform for Carr-Price test. It was found that 


—— 


INutriticonal Biochemical Corporation, Cleveland, Ohio 44128. 
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30 retinae provided an 0.D. of 0.8, i.e., 1170.72 wg/100 ml of 
3-dehydroretinol assuming E14 is 4100 at 690 nm (Shantz, 1948). 
The extraction was carried out under a 40 W red bulb 
illumination. 
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B. Preparation of Standard Curves at Different Concentrations of 
Retinol and 3-Dehydroretinol in Petroleum Ether 


A small amount of retinol (0.5 mg Nutritional Biochemical) was 
completely dissolved in 10 ml diethyl ether. This was divided into two 
equal portions and placed inside a desiccator to evaporate to dryness 
under nitrogen. One portion was redissolved with 5 ml of chloroform and 
the other, with 5 ml of petroleum ether. The concentration of the 
chloroform portion was determined by Carr-Price test,! using the 
extinction coefficient of Eien = 5070 at 620 nm for retinol (Moore, 
1957). The petroleum ether portion was diluted appropriately and the 
fluorescence measured in the spectrofluorometer (Emission wavelength = 
490; Excitation scan: 370-320 nm). Assuming the concentration of 
retinol in the chloroform solution is equal to that in the petroleum 
ether portion, a standard curve could then be established (see Figure l, 
Appendix 6). [In order to confirm this assumption, some of the 
chloroform portion (used for Carr-Price test), on one occasion, was 
dried under Ny and redissolved with an equivalent amount of petroleum 
ether. The fluorescent reading of this solution agreed with the 
petroleum ether portion to within 2.4%, showing that the concentration of 
the chloroform and petroleum ether portion is comparable.] In addition, 


retinol gives the same amount of fluorescence in petroleum ether as in 


isopropanol. 


19.5 ml sample added to 2.5 ml saturated antimony trichloride 
containing two drops of acetic anhydride. The absorbance spectrum of 
the solution was recorded from the spectrophotometer within 30 seconds 
of preparation (Hubbard et (2 a ee hy fl 
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Figure 1. Standard curve of retinol fluorescence. (For preparation 
procedures, see section B, Appendix 6.) 
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Pure 3-dehydroretinol was extracted from goldfish retina in the 
same way described in section A of this appendix. Sixty goldfish retinae 
were used and the diethyl ether extract was divided into two equal 
portions and evaporated to dryness under nitrogen. A standard curve 
(Fig. 2, Appendix 6) was similarly prepared by redissolving the two 
portions with chloroform and petroleum ether. The concentration of 
3-dehydroretinol was determined from the chloroform portion by the Carr- 
Price test, assuming it has an extinction coefficient of ae = 4100 at 
690 nm (Shantz, 1948). 

Comparison of the two standard curves shows that 3-dehydroretinol 
is a weak fluorescent compound in comparison to retinol (at 100 ug/100 ml, 
retinol fluoresces 3.5 times higher than 3-dehydroretinol). In addition, 
the fluorescence of 3-dehydroretinol does not increase linearly with the 


increase in 3-dehydroretinol concentration. 
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Figure 2. Standard curve of 3-dehydroretinol fluorescence. (For 
preparation procedures, see section B, Appendix 6) 
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NUMERICAL RESULTS FROM EXPERIMENTS 1 TO 7 
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Table 1 
Experiment 1* (Group 1-A, 12L/12D, 16° C) 


5 1 Molar 
MSL eRE (8) [Ty] percent VP2 ‘Dax? 


Code Initial Final Sex imate alee bana lipabesieul Dhaba wk pata banal: 


A1** 64 / / 1:05 / / / / / 
A2**k 80 / / 1.18 / 47.4 / 2383 / 
A3 68 51 F 0.00 132 29.8 | heey 3510 +2543 
A4 69 55 F 1.28 1.61 49.3 55.1 2673 .2430 
A5 61 53 M Th aoul 0.56 2069 ay ce 3213 2263 
A6 56 47 M 0.98 1.39 3577 4874 3173. #22028 
A7 57 48 M 0.62 Tor 357 (4983 S295° 87300 
A8 67 54 M 0.00 58 31.5 45.4 2440 .1600 
A9 55 52 F 1.10 2.35 2549. © 2958 3275. «2659 
A10 50 39 F 0.17 1.45 22.9 / 3030 / 
All oT U6 M 0.32 0.39 oe Yarel aey 3735  * 822743 
Al2 43 42 M / 1.53 fee SISTAE i 2055 
A13 49 41 M GON, a13 Sal. 4544 3283 1495 
Al4 48 48 M 2.35 1.36 BY 5 * 4202 3505 2225 
in 14 12 12 13 12 12 righ 12 11 
X 58 48 0.92 Pese 3608. G55 NS316L «22067 


*Fish were preconditioned at 16° C in continuous total darkness for 
one month before the initial results were taken. They were then subjected 
to the indicated light and temperature regimes for 28 days before the final 
results were obtained. 


**A1, A2 died. 
1(T,] in wg thyroxine/100 ml plasma. 
2Maximum change of optical density units. 


('/' means no result available owing either to mortality or 
unsuccessful determination.) 
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Table 2 


Experiment 1* (Group 1-B, 24D, 16° C) 


Molar 


Weight (g) [T,]! percent VP5 AD Fes? 


Gode Initial Final Sex initial Final interval Pinal natal ermal: 


B1 69 70 M 1.86 0.59 / 29.8 / 2843 
B2*x 39 / / 2.28 / 9.5 / . 2438 / 

B3 61 60 F 0.85 1.50 3557 1841 “1373. 48925 
B4 51 51 F 1.30 1.16 25.9 9.5 22825) 2758 
B5 37 36 M 0.86 ee 14.7 5n5 22345 132345 
B6 54 53 F dpe 1.44 29.8 16.8 133138 28555 
B7 48 47 M 0.85 0.35 2 om ey .1870 .2290 
B8** 64 / if 1.24 / 40.3 / 1440 / 

B9 37 38 M 1622 0.65 ges) ed 52780. s2070 
B10 41 43 M 0.88 1.20 47.4 14.8 .1428  .3760 
B1l** 63 / / 1.90 / 44.7 / 4110 / 

B12 38 34 F / 0.58 34.4 22.9 .2500 .3500 
n 12 9 9 11 9 Lt 9 11 9 

X 50 48 est 1.03 31.6 16.4 22602. 53004 


*Fish were preconditioned at 16° C in continuous total darkness for a 
month before the initial samples were taken. They were then subjected to 
the indicated light and temperature regimes for 28 days before the final 
samples were obtained. 


**B2, B8, Bll died. 
1[T,] in ug thyroxine/100 ml plasma. 
2Maximum change of optical density units. 


('/' means no result available owing either to mortality or 
unsuccessful determination.) 
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Table 3 


Experiment 1* (Group 1-C, 12L/12D, 6° C) 


Molar 


Weight (g) [T,]2 percent VP5 ADie 2 


Code Initial Final Sex IbpaiicaL ~ -IsigRe UL ijmatjesieyl 1w5tiayeal Ibmaliesteil  IBalingeul 


Cl 41 48 M ieee 1.46 40.3) 919 2045) 211390 
C2 62 65 M 1.24 0.16 B4n4) 8h. 4 .3430 .1620 
C3 61 66 M se tfe 1.84 35.7, 88.9 .3330 1958 
c4 47 49 F 0.66 0.34 B5evee 7626 .2663 .1093 
C5 57 60 F / 1.29 Le) 8859 :1628- 412108 
C6 67 74 F 123 Oaa7 B44 86.2 .2365 .2115 
C7 69 73 F 0.25 151. Tends) 9.18.9 233780 .1833 
C8 39 46 M ely 0.35 25.9 90.4 .2000 .0988 
c9 44 51 M / 0.88 MAT: 87 35 o1828) 21520 
C10 48 54 M 1.93 0.26 3230 = 869.7 2445) 54245 
Cll 52 60 F 0.59 0.00 27598 82h 13353) 31588 
C12 68 73 M 0.29 1.40 40.3 ° 83.6 23898) 21345 
n 12 12 12 10 12 iy iy) 12 12 

X 55 60 0.97 0.86 3255) 4. 8552 2637) ast oe 


*Fish were preconditioned at 16° C in continuous total darkness for a 
month before the initial samples were taken. They were then subjected to the 
indicated light and temperature regimes for 28 days before the final samples 
were obtained. 


l(t, ] in ug thyroxine/100 ml plasma. 
2Maximum change of optical density units. 


('/' means no result available owing either to mortality or 
unsuccessful determination.) 
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Table 4 


Experiment 1* (Group 1-D, 24D, 6° C) 


Molar 


Weight (¢g) (T,]2 percent VP» AD ase 


Code Initial Final Sex MG paitcniedk  idaljg¥eul ibgaijeskedl.. 1dageyell lijgubjesbewl — aabheyeul 


D1** 40 41 F / 0.15 neh egs IG -1740 0938 
D2** 34 33 F / / Be hey 3367 12975 92095 
D3** SL Do F / 0.37 Se Rr4 (S167) -1495 APART Es) 
D4** 37 she) M / 0.42 Bae 35.7 22045 -1808 
D5** =) 70 M if 0.86 ZLa9 SV -1508 4223 
D6 54 58 M 1.54 1.63 44.7 68.7 syle) 2198S 
D7 22 67 F VSS) 0.97 SB eel Pee, - 3096 -1930 
D8 61 61 M 0.73 0.19 29.8 Seed 22030 .1603 
D9 a, 36 M 0.87 IAs) 2269 47.4 - 2628 «1705 
D10 53 54 F 4.10 1.48 43.2 44.7 -4163 -1843 
D11 49 51 M 0.80 1.24 L920 47.4 e2225 +2230 
D12 35 35 E 0.32 Dives S22 74.1 bee Wa} =1983 
D13 rari 81 F 1.64 Oroy S265 PANY | - 3095 - 2000 
D14 51 56 M 0.74 2.00 Byeiet 72.8 3099 Bp Bs fo) 
D1L5 57 57 M / 0.16 44.7 35/ +2055 -2708 
D16 48 47 F Lids 0.35 45.4 Sieet -2043 -2240 
D17 50 59 M 0.12 0.98 61.6 SR - 3568 AS eee) 
D18 41 44 i / drag 4 39.2 aft - 3090 -1050 
n 18 18 18 EE iW 18 18 18 18 

X 49 53 130 0.96 3938 46.8 - 2653 . 2007 


*Fish were preconditioned at 16° C in continuous total darkness for a 
month before the initial samples were taken. They were then subjected to the 
indicated light and temperature regimes for 28 days before the final samples 
were obtained. 


**D1-D5 were not bled at the beginning of experiment. 
1(T,] in pg thyroxine/100 ml plasma. 
2Maximum change of optical density units. ~ 


('/* means no result available owing either to mortality or: 
unsuccessful determination.) 
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Table 5 


Experiment 2* (Group 2-W, 24D, 6° C) 


Molar 
Weight (g) (T,]! percent VP2 AD 


Code Initial Final Sex neal Einals patient  iaiyayalll iknabtedrae ss obama i 


Wh}. 60 49 F 1.65 0.56 87.5 70.6 tO, 30308 
w2 85 80 F 2.58 0237 90.5 77.6 .1380 .1983 
W3*% 70 / 0.15 / 81.2 t .1758 / 
W4 xx 52 / 0.00 / 84.4 / .2370 / 
W5 52 Bi F Bar 0.60 78.8 752 2202 1885 
W6 92 81 F 122 1.02 S715 74.1 eh 598u) «3 o2K75 
W7 40 44 M 0.74 1.07 90.4 78.8 $1935." © 51430 
wW8 49 47 F 1.82 0.60 88.9 76.6 <a, ©2688 
WO xX 51 i / 0.85 / 91.9 y 1945 / 
w10 76 70 F 2.90 1.48 83.6 63.2 2425) a2di59 
W1l 5] 56 M 22 0.94 88.9 We ie03e "4 51455 
W12 58 55 F 53 e59 88.9 78.8 -2033) 1670 
W13 72 72 M 1.60 0.13 82.4 belay) .2065 .2260 
W14 64 58 F 0.50 VAT 86.2 58.8 .2260 .1280 
n 14 rat 11 14 11 14 aA 14 11 
X 62 61 1.46 0.89 86.5 70.9 .1945  .1798 


*Initial samples were obtained upon arrival of fish from the rearing 
station. They were then subjected to the indicated light and temperature 
regimes for 28 days before the final samples were obtained. 

**W3, W4, W9 died. 

1(T,] in pg thyroxine/100 ml plasma. 


2Maximum change of optical density units. 


('/" means no result available owing either to mortality or 
unsuccessful determination.) 
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Code Initial Final 


XL 
X2 
X3 
X4 
X5 
X6 


Weight (g) 


96 


75 
66 


62 
53 
64 
77 
45 
Se 
82 
50 
63 
54 
65 


14 
63 


66 
88 
56 
52 
5k 
67 
74 
50 
56 
71 
41 


13 
60 


Table 6 


Experiment 2* (Group 2-X, 24D, 16° C) 


(te) 


Sex Ines Penal 


M 1.80 0.97 
M 2.15 / 
F 0.47 0.39 
F 1.92 125 
F i 1.42 
M Soc E550 
F 1.20 102 
F 4352 0.98 
M S51 0.79 
F 4.25 0.38 
M Leda 0.61 
F ce P38 
F 3.33 Pda 
/ 0.00 / 
13 13 12 
2.36 0.98 


Molar 
percent VP5 


Intttal Final 


82. 
76. 
18. 
82. 
957. 
83. 
88. 
84. 
87. 
91. 
G2 
83. 
86. 
87. 


14 
84. 


Cn IN ON Oe NO Ci EMO GN. Go Go) CO SS 


2 


18% 
42. 
34. 
25% 
11. 
14. 
Los 
INN 
34. 
927. 
51. 


1s 
St. 


Sy  ~@ 
OF OS we SS Co CO Co ~~! Oo = NS 


2 


AD 


max 2 


Mba Washo ysil 


~2285 
«L750 
-1798 
- 2063 
1958 
‘L183 
22390 
+1350 
-1883 
- 2083 
- 2005 
pe EiS 
-1718 
-1835 


14 
~1925 


+2210 
- 1689 
-1938 
-3248 
- 1900 
- 3640 
«2125 
-2958 
-2418 
3929 
- 1380 
2823 
$3926 
/ 


13 
42599 


*Initial samples were obtained upon arrival of fish from the rearing 


station. 


**X14 died. 


1(T,] in ug thyroxine/100 ml plasma. 


Maximum change of optical density units. 


('/' means no result available owing either to mortality or 
unsuccessful determination.) 


They were then subjected to the indicated light and temperature 
regimes for 28 days before the final samples were obtained. 
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Table 7 


Experiment 2* (Group 2-Y, 12L/12D, 6° C) 


Molar 
Weight (zg) (Tel? percent VP») AD max? 


Code Initial Final Sex lbaalierieul IDS peul Isgstiesieall, — aligguil Ibgsiiesieyl  lastayul 


Y1 57 55 M 0.05 0.19 78.8. “~ene2 © 926620 - <r200 
Y2 62 59 M Of7i 1.37 66.6. 27818." 22355 11313 
Y3 61 64 M 0.35 0.98 84:4 92.8  .0781 4.4455 
Y4 60 62 F 0.73 0.29 66.2 84.4 «0559 2383 
¥5 82 86 M 0.78 0.54 Oe 9 68.9) 21720) 221390 
Y6 78 75 F 3.63 1.25 G38) 86.2- ..2m05 ° 0546 
Y7 46 47 M 1.52 1.08 0812) 61 7608 & 7500-50788 
Y8 55 51 F / 0.97 62.6 978.8 11928 .1080 
¥9 5030. 245 F 1.58 0.35 68.6%  #5s2  .1540 wists 
Y10 74 68 M 1.57 1.38 7828 | 697 “4258041420 
Y11 66 62 F 1.86 1.09 SAL ae gG.8) 1.1936. .t583 
 -Y12 51 47 M 1.05 1.44 76.65, Fael \ 1508 4050 
Y13 43 39 F 2.02 0.98 83.6 eA844 1.1540 <~. 1008 
Y14 73 74 F 0.35 i.25 iio MESH. = 2910" 21615 
2 14 14 14 13 14 14 14 14 14 
x 61 60 1.25 0.94 Se eS et 161 5 we tose 


*Initial samples were obtained upon arrival of fish from the rearing 
station. They were then subjected to the indicated light and temperature 
regimes for 28 days before the final samples were obtained. 

1(T,] in wg thyroxine/100 ml plasma. 


2Maximum change of optical density units. 


('/" means no result available owing either to mortality or 
unsuccessful determination.) 
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Table 8 


Experiment 2* (Group 2-Z, 12L/12D, 16° C) 


Molar 
Weight (g) fre percent VP») ADmax2 


Coden Initial Final Sex Initial Final Initial ~ Final lupalieskeuk  oipatroyetil 


Z1 64 63 M 2552 147 83.6 69.7 205d. sal 320 
“2 61 57 F 0.93 1.34 91.9 65.9 15552 9 1680 
23 62 85 F 2821: W514 77.6 50.0 1227 52013 
Z4 79 74 M / 0.28 88.9 67.5 m7 0Gm ol O7 3 
7a) 55 50 F 3.93 0.28 90.4 60.6 31925 98.2468 
26 Th 73 M 1.74 O23 93.3 70.6 22465 seed 765 
27 99 84 F Se02 1.56 88.9 64.3 1227 Overs 120 
z8 39 36 F 1224 0.10 84.4 63/2 .1893 .1438 
z9 54 40 M 2930 Aol 86.2 50.0 62135) 1310 
Z10 38 41 F 1765 0.42 81.2 45.4 nl AOreees 1503 
214 sy 70 M S72 3 78.8 60.6 7 IS e973 
212 91 79 F ahd #45 88.9 61.6 H237 5 eee 2945 
213 89 88 M 0.50 0.31 84.4 44.7 S23 1008 me 2ttS 
214 60 48 F 6.00 1.20 S3Guueo. 7 .1995  .1665 
Z15** 64 59 F / 32 82.4 42.2 ¥1870, sim. 2040 
Z16** 69 63 M / 0.99 83.6 58.5 L575 en LO2S 
Z17** 49 44 M / 1.78 82.4 64.3 S16L0u peo 
Z18** 42 34 F / Sey) 87.5 43.2 31670, s9a6 1568 
Z19** = 62 53 F / 1.46 88.9 63.2 7165379921690 
n 19 19 19 13 19 19 19 19 19 

X 65 60 22 17 85.6 57.9 19 5Opeeen 703 


*Initial samples were obtained upon arrival of fish from the rearing 
Station. They were then subjected to the indicated light and temperature 
regimes for 28 days before the final samples were obtained. 


**715-Z19 were not bled at the beginning of the experiment. 
1(Ty] in ug thyroxine/100 ml plasma. 
2Maximum change of optical density units. 


('/' means no result available owing either to mortality or 
unsuccessful determination.) 
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Table 9 


Experiment 3* (Group 3-L, 12L/12D) 


Time Molar 
Weight (g) of percent VP2 ADmax*** 

aa ead Sampling ae S55 SSS SSS 
Code Initial Final Sex (Days) Initial Final Initial Final 
LL 101 85 M 24 91.9 77.6 - 2455 1778 
L2 91 67 F 30 78.8 64.3 -1616 -1550 

L3** 82 / / / 133 / -1960 / 
L4 86 71 M 15 78.8 67.5 -1958 o2alt7/s} 
L5 98 80 F 6 88.9 86.2 -2120 -1810 
L6 93 81 M 9 86.2 USC -2055 -2195 

L7** 74 // / / 71.9 i 6920 / 
L8 85 7S M 15 83.6 66.3 .2293 3275 
L9 81 74 M 36 82.4 Bylical - 1668 - 2500 
L10 59 56 F 21 84.4 60.6 -0965 -1550 
L11 64 62 M 33 86.2 42.2 1675 5EC UE 

L12 76 66 M 6 77.6 / -0390 / 
L13 us 63 M 45 81.2 45.4 - 2068 - 2180 
L14 84 78 M 39 78.8 45.4 - 2420 -2220 
L15 72 56 M 30 86.2 Solel -1743 -2325 

L16** 76 / / / 67.9 fi 1375 / 
L17 82 63 F 45 86.2 Mikey -1990 -2313 
L18 94 74 F 45 88.9 E355 .2205 .2615 
L19 140 117 F 27 94.5 69.7 - 2083 -2228 
L20 78 67 M Wy 88.9 6AeS -1798 -2120 
L21 70 55 F 18 78.8 60.6 . 2625 - 2850 
L22 89 77 F 24 65.9 W2os .2028 975 
L23 59 54 F 21 78.8 Bileak -1198 - 2053 
L24 58 49 M 12 81.2 60.6 .1930 -1185 
L25 70 62 F 27 87.5 58.5 .2013 - 2200 
L26 66 53 M 18 78.8 SPyodl »1803 -1623 
L27 107 95 M 36 86.2 56.5 -2028 -2250 
L28 66 60 F S) 83.6 66.3 -1330 - 2130 
L29 80 59 F 33 78.8 60.6 -1668 237 
L30 83 67 F 39 88.9 SSe7 -1875 - 2340 
eS aa 2 a ee ee ee eee 

n 30 27 27 30 26 30 26 
X 81 69 83.4 59nd .1836 . 2087 


*Initial samples were obtained upon arrival of fish from the rearing station. 


They were then held at the indicated light regime at 16° C during the 45 days of 
experiment. Final results were obtained from two fish sampled every three days 
(whenever possible). 


**L3, L3, L16 died. 
***Maximum change of optical density units. 


('/' means no result available owing either to mortality or unsuccessful 
determination.) : 
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Table 10 


Experiment 3* (Group 3-M, 24L) 


Time Molar 
Weight (g) of percent VP» AD 

SSS Sampling ____ —_—_—-—__——— 
Code Initial Final Sex (Days) Initial Final Initial Final 

M1* 80 / id if / / / / 
M2 91 79 M 18 87.5 63.2 -1870 -0718 
M3 91 73 M 24 78.8 76.6 -2025 -1785 
M4 83 60 F 33 86.2 65.9 305 -1540 
M5 75 71 F 42 91.9 63.2 -1895 1355 
M6 74 65 M a2 YAos) 68.7 -1750 -2298 
M7 34 22 F 42 65 64.3 311753 -1020 
M8 95 83 M 36 86.2 60.6 -2950 -1962 
M9 74 63 M 21 81.2 83.6 -1665 eh 25 
M10 77 61 F 39 84.4 56.5 .1290 -1858 
M11 85 57 F 45 78.8 85.6 -1990 -1283 

M12 79 69 M 6 6302 / -1820 / 
M13 83 65 F oy, 67.5 60.6 -1750 -1568 
M14 83 70 M 33 78.8 ok 1645 -1730 
M15 73 62 F 9 87.5 74.1 - 2020 -1708 
M16 84 69 M 63.2 68.7 -1910 -1970 
M17 75 70 F 30 83.6 56.6 -1640 -1430 
M18 79 70 M 24 56.5 S72 -1920 -1338 
M19 99 86 F 36 78.8 43.2 -2470 -1543 
M20 90 74 F 1S 45.4 60.6 2595 -1730 

M21* 86 / / / 91.9 / -2120 / 
M22 70 59 M 21 81.2 69).7 -2550 -1880 
M23 77 72 F 30 78.8 5955 -1560 - 1530 
M24 70 57 F 45 82.4 SGU - 2330 -1603 
M25 90 75 M ip 88.9 70.6 -1590 -1358 
M26 86 67 M 18 81.2 58.5 - 2550 -2178 
M27 83 59 M 39 86.2 61.6 - 2420 -1383 
M28 89 67 F 2h 88.9 78.8 - 2400 sul7/7/5) 
M29 63 55 M 1) 83.6 81.2 - 2380 7a AN 
M30 70 62 M 6 83.6 64.3 - 2389 -0423 

n 30 28 28 29 20 29 27 
¥ 70 62 81.5 64.5 2173 -1682 


*Initial samples were obtained upon arrival of fish from the rearing 
station. They were then held at the indicated light regime at 16° C during the 45 
days of experiment. Final results were obtained from two fish sampled every three 
days (whenever possible). 


**kM1 died. 
**k*Maximum change of optical density units. 


('/' means no result available owing either to mortality or unsuccessful 
determination.) 
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Table 11 


Experiment 3* (Group 3-N, 24D) 


Time Molar 
Weight (g) of percent VP9 ADnax** 

SLES Sampling = SS a 

Code Initial Final Sex (Days) Initial Final Initial Final 
N1 95 81 F 33 Wo? DBS -1990 - 2668 
N2 115 94 M 24 74.1 29.5 - 2425 -2618 
N3 81 7Al M 27 SSG 14.8 - 2668 SOLOS 
N4 108 92 M 12 OSo2 B9a2 - 2108 -2373 
N5 100 92 M 78.8 64.3 -2035 2350 
N6 99 91 M 9 B}oul 45.4 -2195 - 2685 
N7 91 83 F 12 78.8 49.3 - 2643 -3488 
N8 102 86 F 24 74.1 29.8 -2210 -2850 
N9 101 85 M 39 69.7 PPE) -2410 -2970 
N10 101 86 M 18 TAS Sh2)5 7/ .1763 - 2580 
N11 108 81 F 42 82.4 22.9 .1563 .3180 
N12 94 86 F 3 70.3 74.1 2413 22858 
N13 83 68 M 30 77.6 BoP -1848 -1843 
N14 HST) 109 F 42 W263 9.1 -1413 -3720 
N15 82 74 F 36 (iba 9.5 -2078 -4023 
N16 91 65 M 36 a7 18.7 -2610 -4585 
N17 85 72 F 27 82.4 42.2 »1743 -2053 
N18 103 95 M 74.1 70.6 - 2050 - 2833 
N19 88 78 M 83.6 65.9 2343 2877 
N20 94 75 M 33 86.2 40.3 -1455 62S 
N21 102 92 F 6 86.2 Yo? -1928 -2765 
N22 83 74 M ZAll 76.6 37 32 -1500 -2960 
N23 94 79 M 21 70.6 Zine h - 2188 -2550 
N24 97 79 F 30 78.8 29.8 +2135 -4170 
N25 100 88 M 15 78.8 39/2 +1958 -6113 
N26 95 82 M 15 78.8 35).7/ -2058 - 3610 
N27 98 79 F 18 263 BS67/ -2078 -2585 
N28 85 65 M 39 48.4 25.9 - 2050 ~3775 

n 28 26 28 28 28 28 28 

x 97 82 73.2 38.2 . 2066 ~3055 


*Initial samples were obtained upon arrival of fish from the rearing 
station. They were then held at the indicated light regime at 16° C during the 45 
days of experiment. Final results were obtained from two fish sampled every three 
days (whenever possible). 


*kxMaximum change of optical density units. 


('/' means no result available owing either to mortality or unsuccessful 
determination.) 
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Table 12 


Experiment 4* (Group 4-T, 5° C) 


Time Molar 
Weight (g) of percent VP) ADnax*** 
eR ERE TST Sampling SS rs 
Code Initial Final Sex (Days) Initial Final Initial Final 
Tl 85 7) M 20 81.2 83.6 -1875 -3790 
T2* 79 / / / 85.6 / -1910 / 
T3 76 70 F 18 77.6 82.4 -1120 make yyis! 
T4 98 88 F 74.1 66.3 1445 - 2328 
1S 85 81 M 65.9 69.7 -1675 -2238 
T6 68 63 M 2 US? Yo .1400 wl525 
T7 73 66 F 21 87.5 78.8 -1820 O23 
T8** 88 / / ph 64.0 / 1921 / 
T9** 91 / / / SIE) 47? / -1675 i 
T1O 87 81 M 9 88.9 91.9 -0845 -1990 
Til 105 99 F 9 74.1 78.8 1475 - 2005 
T12 83 75 F 18 76.6 72.8 Al lsisks: «2320 
T13** 68 If / / 83.8 / palsi7/s) / 
T14%** 81 / i, / 85.6 / 22S / 
T15 87 84 M 6 82.4 78.8 -1690 2255 
T16** 92 / / / 66.4 / -2960 / 
T17** 76 / / / 79.0 / 3993 / 
T18** oF / / / 7323 / - 2350 / 
T1O** 77 / / / 82.2 / -1940 / 
T20** 86 / / / 74.5 / .2140 / 
P21 98 93 M 6 o3nS 83.6 -1680 -1860 
T22 98 88 F 22 94.5 78.8 - 1630 - 2280 
To 85 81 M 23 Sie2 82.4 - 2030 -1750 
T24%* 85 / / / 82.2 / -1960 4 
T25** 71 / / / Dieu / -1970 if 
T26 94 86 M He: 91.9 83.6 .1160 -2395 
T27 82 70 M 42 78.8 6352 -2095 - 2695 
T28 90 82 F 12 69.7 72e3 85 -2130 
T29 94 84 M 15 78.8 81.2 .1765 -1703 
T30 62 55 F ak 77.6 POE -1545 995 
T31** 84 / / / 80.0 / -1980 / 
pT I a a i ae ee ee ee ae ee 
n 31 18 18 31 18 31 18 
x 84 79 78.1 77.4 -1770 .1990 


*Fish were preconditioned at 4-5° C in laboratory condition for one month 
before the initial samples were obtained. They were then subjected to the 
indicated temperature regime under continuous total darkness during the 45 days of 
experiment. Final results were obtained from two fish sampled every three days 


(whenever possible). 
**Fish died. 
**k*Maximum change of optical density units. 


('/' means no result available owing either to mortality or unsuccessful 
determination.) 
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Table 13 


Experiment 4* (Group 4-U, 10° C) 


Days Molar 
Weight (g) of percent VPo ADnax*** 

a Sampling ——— _—_—_—_—— 
Code Initial Final Sex (Days) Initial Final Initial Final 
Ul 82 78 M Paik 86.2 70.6 - 1600 -1730 
U2 79 122, M 21 78.8 81.1 -2180 - 2000 
U3 80 74 M 9 76.6 76.6 -1995 -2500 
U4 72 64 F 18 81.2 50.0 -1640 -2475 
U5 74 66 E 6 67.5 Ties - 2040 - 2045 
U6 88 79 F ps 83.6 Syiae -1910 -0713 
U7 104 98 M 3 86.2 88.9 .2220 - 2878 

USe* 72 / / / 65.8 / -0905 / 
u9 84 74 M 18 76.6 69.7 .1900 2745 
U10 96 84 M 12 Dick: 56.5 -1200 2075 
U11 86 74 M 39 87.5 49.3 .1750 - 2398 
U12 114 96 F 33 83.6 66.3 -1050 -2763 

U13** 74 / tf / 65.8 / -1630 / 
U14 87 78 F iy) 68.7 58.6 - 1880 - 2410 
UL5 96 78 F 24 Siz 81.2 -1980 - 2600 
U16 90 82 F 3 78.8 78.8 -1560 -1949 
U17 86 75 F 15 74.1 69.7 -0975 -2035 
U18 82 70 M 24 86.2 58.5 -1550 ~2215 
U19 DLO 91 M 33 82.4 42.2 -1840 -1488 
U20 109 95 M 27 81.2 67.5 -1750 .2558 
U21 81 70 M 45 81.2 44.7 -1410 - 2325 
U22 83 71 F 27 Teo 51.1 -1665 -1610 
U23 7Al 58 M 45 78.8 48.4 -1390 -2303 
U24 87 15 M 6 77.6 78.8 -0660 .1993 
U25 80 69 M 39 83.6 65.9 -1490 -2410 
U26 99 88 M 9 Silo 83.6 -1980 -1938 

U27** 103 / / 85.6 / 1360 / 

n 27 24 24 27 24 27 24 
x 88 77 78.1 Of S -1648 aPAlz/s} 


*Fish were preconditioned at 4-5° C in laboratory condition for one month 
before the initial samples were obtained. They were then subjected to the 
indicated temperature regime under continuous total darkness during the 45 days of 
experiment. Final results were obtained from two fish sampled every three days 
(whenever possible). 


**U8, U13, U27 died. 
**k*Maximum change of optical density units. 


('/" means no result available owing either to mortality or unsuccessful 
determination.) 
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Table 14 


Experiment 4* (Group 4-K, 15° C) 


Time Molar 
Weight (g) of percent VPo ADnaxk** 

[a a ar Sampling ca ae SSS 
Code Initial Final Sex (Days) Initial Final Initial Final 
Kl 66 61 M 3 48.4 Bot -0130 3248 
K2 86 74 M 12 69.7 44.7 -2950 ~2585 

K3%** 102 / / / 79.0 if .1215 / 
K4 103 85 M 30 90.4 34.4 -2028 .2720 
K5 95 86 M 12 87.5 56 -2265 - 2663 
K6 113 99 F 3 82.4 88.9 -1975 -2720 
K7 104 100 F 9 3135 US322 -1295 -0990 
K8 103 96 M 6 78.8 64.3 .1980 2556 
k9 100 81 F 36 US5 49.2 2175 -2635 
K10 108 86 M 24 86.2 45.4 -2400 .3215 
Kil 99 87 M 24 83.6 25.9 fads: so123 
K12 107 88 M 18 91.9 34.4 -1480 -2070 
K13 103 82 M 30 83.6 Shae? - 2430 -2570 
K14 106 88 M 18 78.8 29.8 -1865 -2575 
K15 99 a5 F 42 595 25%69) -1598 +2500 
K16 112 105 F 6 60.6 Ne Ay -2090 72525 
K17 86 76 M 9 B7/ 62 14.7 - 2020 - 2938 
K18 101 87 M 15 78.8 61.6 SII sshiGie' 
K19 116 100 F 15 82.4 Bor! -1210 -2500 
K20 102 83 F 36 60.6 Spl al -1250 - 2608 
K21 98 80 F 42 91.9 16.8 .1955 -2873 

K22*% 98 / / / 79.0 / »2070 / 
K23 102 83 F 42 91.9 39.2 -1520 -3740 
K24 96 84 M 21 70.6 Loew .1740 -0903 
K25 101 87 F 21 68.7 Zed -1470 - 2538 
oy Seeeee es. Sos Ue coum ee SN See ee ew Wee tll. ee Ws 

n 25 23 23 25 23 25 23 
X 100 86 76.5 41.4 .1807 3649 


*Fish were preconditioned at 4-5° C in laboratory condition for one month 
before the initial samples were obtained. They were then subjected to the 
indicated temperature regime under continuous total darkness during the 45 days of 
experiment. Final results were obtained from two fish sampled every three days 


(whenever possible). 
**K3, K22 died. 
*k*kMaximum change of optical density units. 


('/' means no result available owing either to mortality or unsuccessful 
determination.) 
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